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Abstract 
Electrospinning is one of the recently developed methods that produces scaffolds 
resembling the natural extracellular matrix. It can utilize a wide array of natural and 
synthetic polymer materials to produce three dimensional, porous, biocompatible, 
biodegradable scaffolds by the aid of different variations of the machine setup. Reactive 
electrospinning is one type that produces in-situ cross-linked scaffolds. It has the 
advantages of being fast and efficient with tunable scaffold mechanical, morphological 
and thermal characteristics. 
In this work, we aim to synthesize, characterize and investigate the in vitro 
cytocompatibility of electrospun scaffolds of acrylated Poly (1, 10 decanediol-co-
tricarballylate) (APDT) copolymer using photo-reactive electrospinning process with 
UV radiation for crosslinking, to be used for cardiac tissue engineering applications.  
The pre-polymer was synthesized via a poly condensation reaction between 
tricarballylic acid and decanediol. This was followed by an acrylation reaction to render 
the polymer UV photocrosslinkable. The effect of adding polyvinyl pyrrolidone (PVP) 
to act as chain entanglement enhancer on the porous structure formation was also 
investigated. An optimized solution with concentrations of 20% (w/v) APDT and 8% 
(w/v) PVP in ethanol was successfully electrospun. Effect of PVP molecular weight 
was also assessed. Porous scaffolds produced by solvent free particulate leaching 
method using sodium chloride and trehalose as porogens were also prepared for 
comparison purposes. 
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Characterization of the produced scaffolds was performed using chemical, thermal, and 
morphological techniques followed by in-vitro cell viability testing using H9C2 
cardiomyoblasts and adipose tissue derived mesenchymal stem cells. 
Chemical and thermal characterization confirmed the successful synthesis of the 
polymer. Morphological analysis revealed successful production of the porous 
scaffolds with porosity of more than 70% and a higher fiber diameter and smaller pore 
size in case of higher molecular weight PVP. In addition, mechanical testing confirmed 
the elastomeric nature of the scaffolds that is required to withstand cardiac contraction 
and relaxation. 
Finally, cell viability assay showed no significant indirect cytotoxic effect on the 
cardiomyoblasts. Moreover, cell scaffolds interaction study showed noticeable cell 
attachment and growth on the electrospun scaffolds more than the references. This 
rendered our scaffolds a very promising candidate for cardiac tissue engineering 
applications. 
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Chapter 1: Introduction and Literature review 
1.1 Introduction 
Myocardial Infarction (MI) is one of the primary causes of death globally. It affects 
almost million patients yearly with a development rate to heart failure of more than 
30% of the cases. Many treatment strategies are being used currently that can be 
classified into two main categories: 1) conventional therapy and 2) Regenerative 
therapy. Conventional strategies such as coronary angioplasty and cardiac 
transplantation require complex surgical operations for both as well as finding an 
appropriate donor for the later. In addition, the use of thrombolytic drugs to restore the 
perfusion in the infract causing artery and restore cardiac perfusion is also used. 
However, it showed low flow restoration in almost half of the participants in a previous 
large clinical trial (1). In addition, most of the agents used are known to cause side 
effects. Regenerative strategies such as indirect mobilization of stem cells using colony 
stimulating factors were studied. However, it was reported to have no effect on the 
enhancement of the ventricular function over the placebo group after MI (2). In 
addition, catheter based direct endomyocardial injection of stem cells have variable 
results with questionable efficiency and the optimum route of delivery of stem cells  to 
specific site remains undetermined (3).  
Tissue engineering (TE) is a rapidly growing field for the treatment of organ failure 
that has gained a lot of interest in the past two decades. It is defined as the process of 
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repair and/ or substitution of damaged cells or tissues using a mixture of cells, 
biomaterial scaffolds and the appropriate bioactive molecules (4). It was proven to 
possess many advantages over the current conventional treatment approaches (5). 
Several methods were studied to successfully deliver cells to their specific sites. 
However, those methods such as synthetic implants showed several disadvantages 
reported earlier (6).  
Biomaterial scaffolds have become potential carriers in both drug delivery and TE 
applications. They provide cells with the favorable environment for proper growth and 
proliferation in a function resembling that of the extra cellular matrix (ECM) (4). In 
order to serve this purpose, the ideal scaffold should be hydrophilic with a three 
dimensional (3D) highly porous structure to facilitates the growth and proliferation of 
cells within the porous structure in a way similar to their original ECM habitat. In 
addition, it should allow the proper suction of cell culture media during cell seeding 
(7). It should also be biocompatible and biodegradable to prevent any immune reaction 
and avoid the need for their removal via surgery (8). Moreover, it has to possess a 
suitable mechanical strength to physically support cell growth and allow response to 
different signaling pathways (9). Most importantly, it should be able to carry, deliver 
and release biomolecules essential for cell growth (10). All of the aforementioned 
characteristics serve in mimicking the natural cellular niche and therefore enable the 
successful growth and proliferation of the seeded cells. 
Several approaches have been reported to produce porosity in a typical biomaterial 
scaffolds to make it suitable for TE applications such as: particulate leaching (11), 
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lyophilization (12), membrane lamination (13), colloidal technique (14)gas foaming 
(15) and electrospinning (16).  
1.2 Particulate leaching and tissue engineering applications 
Other methods were reported to be used to produce structures with high structural 
resemblance to the ECM for TE purposes (17). Particulate leaching is a conventional 
process widely used to produce scaffolds of three dimensional highly porous 
morphology (18,19). It constitutes the use of a porogen or combination of porogens 
with a certain particle size and concentration embedded within the polymer scaffold. 
The scaffold is then placed in a suitable solvent that can selectively remove porogen 
particles leaving a porous scaffold. The process results in a structure with more than 
90% porosity with interconnected pores with sizes up to 500 micrometers (20). 
1.2.1 Advantages of particulate leaching 
The advantages of particulate leaching includes the ability to control the porosity and 
pore size easily by manipulating the particle size and concentration of the porogen. 
Moreover, it is a simple process that does not require many steps or complicated 
instrumentation. Having said that, the porogen removal can take up to several days, 
which is a time consuming process. It is also very hard to remove all the porogen 
particles especially with thick scaffolds. This constituted the reason why the thickness 
of most of the reported scaffolds did not exceed 2mm (21).  
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1.2.2 Types of particulate leaching 
1.2.2.1 Single Porogen 
1.2.2.1.1 Controlled pore size 
Several porogens have been reported to be used for this process. Sodium chloride 
(NaCl) was used in the fabrication of a silk fibroin/ collagen/ hydroxyapatite composite 
scaffold (22). Variation of particle size and weight ratio of NaCl to scaffold 
components took place to examine several properties, such as pore size, pore density, 
swelling ratio and crystalline structure. In addition, the osteoblast cell proliferation was 
examined after seeding on the scaffold for a maximum period of 14 days. They reported 
an optimum weight ratio of polymer: porogen of 0.04:1 and an optimum NaCl particle 
size of 180-250 micrometers. When the weight ratio was higher, damage and changes 
in the shape of the scaffold took place. Finally, they reported confocal laser scanning 
microscope photos showing the proliferation of MG63 cells into the scaffold 3D 
structure. The successful fabrication of a patient specific vascular scaffold from poly 
(l-lactide-co-ɛ-caprolactone) by the aid of salt leaching played a crucial role to produce 
the porous flexible scaffold that resembles the blood vessels (23). They examined the 
properties of the scaffold in terms of porosity and mechanical strength. A 3.3% wt. of 
Sodium Chloride with the polymer and also varied the ratios of porogen to polymer 
Reach the optimum tensile strength that resembled human blood vessels.  
Particulate leaching can be combined with other processes to produce scaffolds with 
customized characteristics. In a study conducted by Ko et al. particulate leaching was 
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combined with melt ES to produce poly (ε-caprolactone) (PCL) ES fibers with porous 
structure (24). In this report, they used table sugar as a porogen that was molten, mixed 
with molten PCL then electrospun and the resulted fibers were analyzed. Different 
concentrations of sugar were used and the effect on porosity was examined. They 
demonstrated the increase in porosity with increasing sugar concentration. However, 
further studies need to be done to fully characterize the electrospun scaffolds (ESS) and 
test them for different applications. 
Particulate leaching can be used to produce multi pore size per scaffold. For instance, 
gelatin solutions of various concentrations were used to produce biphasic macro/micro 
porous scaffolds for soft tissue engineering. The porous structure was achieved using 
cross-linked alginate particles, which were leached out using tri-sodium citrate 
solution. The most appropriate elasticity was achieved at 7% w/v concentration, which 
also resulted in acceptable porosity and pore size. The gelatin walls had a microporous 
structure which facilitated the transport of small nutrients when cells were seeded. In 
addition, the leaching out of the alginate beads lead to a macro porous inner structure 
that is advantageous for cell growth. Cell growth using adipose derived stem cells was 
tested using hematoxylin-eosin staining and cell surface markers were analyzed using 
flow cytometry. To simulate conditions of extra cellular matrix, fibrin hydrogels were 
added while seeding the cells. Scaffolds demonstrated uniform cell growth through the 
interconnected pores and cell differentiation was successful when stimulated (25). 
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1.2.2.1.2 Shape control 
Another advantage of particulate leaching is the ability to manipulate the shape of the 
produced scaffold as needed using different techniques. Poly (lactic-co-glycolic) acid 
(PLGA) was utilized to produce scaffolds of porosity up to 83%. PLGA and NaCl 
particles of variable mixing ratios and particle sizes were placed in a creatively 
designed setup. That was followed by three stages of liquid washing: a) A PLGA 
solvent that solubilizes the polymer particles, b) A PLGA precipitating agent that 
precipitates the polymer particles around the NaCl particles and c) Water to leach out 
NaCl leaving a porous polymer structure. They reported that different mold shapes 
could be used to produce different shapes (i.e. ear and bone) which if used for cell 
seeding, can produce organs with these shapes. However, further studies were needed 
to test the practical aspect of such a concept (26). It was also reported that magnetic 
sugar particles (MSPs) combined with NaCl were used to produce porous poly (l-
lactide-co-ε caprolactone) (PLCL) scaffolds for soft tissue engineering applications. 
Magnetic field strength was used to control the aggregation of MSPs and hence 
controlling the orientation of porogen thickness and pore distribution. Results showed 
that less particle size and more weight faction of salt lead to higher porosity of the 
scaffold. In addition, they reported non-harmful toxicity levels when cytotoxicity 
testing was performed (27).  
1.2.2.1.3 Porous composite polymers production 
Particulate leaching technique was used with composite polymers as well. In the work 
done by Niu et al. they used NaCl with bioglass/ poly(l-lactide) composite to create a 
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porous scaffold for TE applications (28). The report showed improved water 
absorption, degradability and cell growth and proliferation that was due to the bioglass 
content. When animal studies were performed, improved osteogenesis and bioactivity 
were reported. This indicated how promising this scaffold was for bone TE 
applications. Similarly, porous scaffolds were produced using polycaprolactone/ 
polyethylene glycol/ hydroxyapatite composite using NaCl as a porogen (29). 
1.2.2.1.4 Solvent free particulate leaching 
Particulate leaching can be also performed without the incorporation of solvents. This 
is advantageous in terms of time since the final solvent evaporation step is skipped. 
Moreover, it is safer for biomedical applications due to the absence of any solvent 
traces, especially organic solvents. For example, PCL/ Hydroxyapatite scaffolds were 
produced using this technique with polyethylene oxide (PEO) as a porogen (30). In this 
case, PEO was used because it has a melting point close to that of PCL. Particle size of 
all constituents was controlled before mixing followed by melting all the components 
in an environmental chamber at an elevated temperature. This was followed by leaching 
out of PEO by immersion in water. For comparative purposes, they produced similar 
scaffolds but with the incorporation of NaCl. This lead to improved porosity but it gave 
unexpected results in the stress strain curve. This was attributed to the fact that NaCl 
particles are hard to be completely leached out (30,31). Generally, results showed that 
the incorporation of Hydroxyapatite (HA) particles lead to suitable mechanical 
properties for bone TE applications, enhanced cell attachment to the scaffold without 
any effect on porosity or pore sizes (30). In another report, a technique called “salt 
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leaching using powder” was utilized to produce porous PCL scaffolds. In this 
technique, powdered PCL and salt of a certain particle size were mixed together and 
put in a mold. The mold was placed in an oven at 80 oC to melt the PCL polymer 
particles, which was then allowed to cool down and solidify producing PCL scaffold 
with embedded salt particles. Afterwards, salt was leached out by immersion in water 
forming a porous scaffold. Porosity of the scaffold was 80% and SEM results 
confirmed the porous structure. Advantages of using such a method lied in the absence 
of solvents or pressure that might affect the cytotoxicity of the scaffold or the porous 
structure of the scaffold respectively. However, cytocompatibility testing was 
performed qualitatively, which rendered the scaffolds promising for TE applications 
but needed quantitative data to confirm the findings (32). 
1.2.2.2 Combination of several porogens 
Salt particles were also reported to improve porosity of scaffolds when used in 
combination with other porogens In another report, Reignier & Huneault, combined 
both particulate and selective polymer leaching to successfully produce a highly porous 
PCL scaffold (33). They used different concentrations of both PEO and NaCl 
(porogens) and they obtained 3D scaffold with a porosity level reaching 88%. In 
another study, poly ethylene glycol (PEG) was combined with NaCl to create PCL 
porous scaffolds for bone TE applications (34). They reported that the use of a 
combination of porogens lead to higher porosity, pore interconnectivity and better cell 
growth and proliferation for mouse Calvaria-derived pre-osteoblastic cells (MC3T3-
E1).  
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Combination of PEG and NaCl porogens was also used to obtain porous 
PCL/Polyurethane scaffolds modified by aniline pentamer to be utilized for cardiac TE 
applications. They used N-methyl pyrrollidone to dissolve all ingredients and then 
placed them in an over at 80 oC to remove the solvent. Afterwards, the product was 
milled then compressed into a disc that was placed in water to leach out PEG and NaCl 
leaving a porous scaffold. Morphological analysis showed highly porous structure with 
interconnected pores and porosity of 75-80%. Cardiomyocytes were successfully 
seeded and they showed growth after 3 days throughout the scaffold which rendered 
this scaffold as a qualified candidate for in vivo studies (35). 
Apart from what is reported here, a variety of other porogens have been reported less 
frequently ranging from, ice (17), paraffin microspheres (18) and organic material such 
as saccharide (36).  
1.3 Electrospinning 
1.3.1 Introduction and History of Electrospinning 
Nanofibers production have been reported in the literature using several methods 
including drawing, template synthesis, phase separation, and self-assembly. Each of 
those method’s advantages and disadvantages have been reported elsewhere (37). 
Electrospinning (ES) on the other hand, is another very promising fiber production 
method that is capable of producing fibers of diameter ranging from several 
micrometers down to 50 nanometers. This makes it the only known method to produce 
continuous fibrous structures with these dimensions (16). ES can be used with various 
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types of blends, fluids and polymers. It is also used in a wide array of applications 
ranging from filtration membranes, protective clothing, biosensors, catalysis, fuel cells 
to drug delivery and tissue-engineering applications (38,39). Synthetic and natural 
polymers can be electrospun under specific material, process and environmental factors 
that can be easily controlled and manipulated. ES can be also utilized to produce fibers 
loaded with drugs or proteins of various particle sizes and properties. The diversity of 
its uses, simplicity of the instrument, easy manipulation of the produced fibers 
according to the intended application, and the scalability of the process are the main 
criteria that made ES one of the most promising methods to produce biomaterial 
scaffolds, specifically used for TE purposes.  
Historically, the first ES attempt was carried out in 1934 when Formhals and coworkers 
used a basic form of ES machine to produce synthetic filaments (40). Due to its flaws, 
evolution of this basic setup occurred via several modifications in the apparatus leading 
to two other patents (41,42). It was not until 1960s when attempts to understand the 
mechanism of ES process started. Tylor et al. explored the mechanism of ES process 
by describing the behavior of the polymer droplet at the tip of the needle to reveal 
what’s referred to today as Tylor cone (43). This was followed in the 1970s by 
continuous efforts to characterize the ES fibers by different techniques (44). Finally, in 
1978, Polyurethane matts were used for vascular prosthesis which was followed in 
1985 by the study of the in vivo behavior of arterial prosthesis using ES fibrous 
scaffolds (45,46). These later events marked the very first efforts to use ES fibrous mats 
for TE purposes that were followed by numerous research work in this new field.  
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1.3.2 Conventional Electrospinning Machine 
One of the main characters that make electrospinning process very promising is the 
simplicity of the machine setup. It is composed of: a) a syringe with a capillary needle 
that act as a polymer solution reservoir. b) A syringe pump that controls the flow rate 
of the polymer solution. c) A metal collector for the collection of fibers and d) A high 
voltage power supply with positive and negative terminals. A schematic illustration of 
the typical ES machine is shown in Figure 1. 
 
 
Figure 1. Illustrative diagram of the conventional electrospinning machine 
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The ES process starts with setting the pump to a proper flow rate to extrude the polymer 
solution out of the capillary needle. The power supply terminals are connected to both 
the metal needle and collector to induce voltage difference between the two poles. This 
creates two types of electrostatic forces, which are an attraction between the needle and 
the collector and a repulsion between the polymer particles of similar charge flowing 
through the needle. As the applied voltage elevates, the electrostatic forces increases 
until they overcome the surface tension of the polymer solution leading to a cone 
shaped liquid deformation at the tip of the needle named Tylor cone. Afterwards, a jet 
of the polymer solution flows towards the collector and evaporation of the solvent 
occurs in the meantime. The later, together with the electrostatic repulsion of polymer 
jet leads to a bending instability before they deposit on the collector forming the 
electrospun fibers (47). The machine has typically two types of setup, horizontal and 
vertical. In both setups, it is reported that gravitational forces do not affect the process 
as the jet flows at very high acceleration of 600m/s2 which is double the acceleration 
caused by gravitational force (48). 
Several parameters must be adjusted in the electrospinning process with which the 
produced fibers morphology and characteristics can be controlled. These factors are all 
interconnected and can be classified as follows: A) Material parameters, which include 
the type of polymer, used, solution concentration, molecular weight of the polymer 
used, viscosity, conductivity and solvent used. B) Process parameters, which cover 
pump flow rate, voltage difference, applied, needle to collector distance, and type of 
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collector C) Environmental parameters, which include relative humidity, airflow and 
temperature. 
1.3.3 Factors affecting Electrospinning process 
1.3.3.1 Material Parameters 
1.3.3.1.1 Concentration 
Concentration is one of the crucial factors affecting ES process. At low concentration, 
droplets come out of the needle and electrospraying takes place instead of ES 
(49,50,51). Upon elevating the concentration, beaded fibrous structure starts to form 
till those beads disappear at the ideal concentration forming bead-less uniform fibrous 
structure (16) (49,50,51) . For example, Gudkova et al. reported that at low 
concentration, styrene acrylonitrile co-polymer produced beaded fibers due to the high 
surface tension. Those beads disappeared upon elevating the polymer concentration in 
solution while fixing the other operational parameters (52). Moreover, increasing the 
concentration results in increasing fiber diameter. This is due to the increase in the 
number of charged particles that leads to a higher opposing force to the applied electric 
field (52,53). It is worth mentioning that changing the concentration manipulates the 
viscosity, which is the primary factor that governs fiber formation.  
1.3.3.1.2 Chain entanglement and molecular weight 
Sufficient degree of chain entanglement is an essential requirement for obtaining bead-
less electrospun fibers (ESF). At low molecular weight, the insufficient molecular chain 
entanglement, low chain relaxation time, applied strain rate and the chain extension 
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between the entanglement junctions leads to the breakdown of the polymer stream 
before reaching the collector(54,55). This disruption of the polymer stream leads to the 
formation of beads or small droplets instead of uniform fibers and can even convert the 
process to electro-spraying. On the contrary, with higher molecular weight polymers, 
sufficient chain entanglement stabilizes the stream, allowing more electrostatic 
stretching and hence eliminates the beads formation. Shenoy et al. reported a 
calculation method based on entanglement analysis to calculate the entanglement 
molecular weight (Me) which is the average molecular weight among the entanglement 
junctions. In addition, a critical molecular weight was reported at which sufficient chain 
entanglements are achieved in a good polymer solvent mixture and hence, fibers are 
obtained (56). Moreover, higher molecular weight leads to higher viscosity of the 
polymer solution, which in turn help in the formation of bead-less, uniform ESF. 
Nonetheless, polymers of molecular weight lower than this critical value cannot be 
rendered as non-electrospinnable. Studies showed that the addition of high molecular 
weight polymers - even at low concentrations - to those of low molecular weight acted 
as chain entanglement enhancers, which leads to fiber formation and bead elimination. 
The main characteristics of the ideal entanglement enhancers are: relatively very high 
molecular weight, readily electrospinnable, has a wide range of solubility in different 
organic and inorganic solvents and relatively inert to the main polymer material.  For 
example, Chen et al. have attempted the sole ES of chitosan in acetic acid, which 
formed beads only. However, upon the addition of polyethylene oxide (PEO) (Mw= 
5000KDa), chitosan ESF were obtained (50). PEO was used as chain entanglement 
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enhancer in other reports where it lead to fiber formation by ES with a non spinnable 
material (57,58,59). Polyvinylpyrrolidone (PVP) on the other hand, was also used as 
chain entanglement enhancers in electrospinning (60). 
1.3.3.1.3 Viscosity 
Viscosity is a key parameter that has influence on fiber formation, fiber geometry and 
structure during ES. Generally, very high viscosity polymer solutions are hard to be 
ejected from the needle, while low viscosities tend to form droplets, converting the 
process to electrospraying. In between the aforementioned extremes, lies a gradient 
change from beads to beaded fibers and up to the critical viscosity where ESF are 
formed. This critical viscosity is followed by a range of optimum viscosities at which 
fibers are formed but vary in diameter with varying the viscosity within this range. 
Critical viscosity varies from one polymer material to another depending on several 
factors. For example, Chen et al. have determined the critical viscosity for poly (D,L 
lactide) in chloroform to be above 400cp and below 1600cp. Outside this range, either 
beads or beaded fibers are formed or ES is not possible (50). In addition, they referred 
the change in viscosity to the change in the concentration as being one of the major 
factors that controls viscosity. Moreover, ES of poly acrylonitrile in 
dimethylformamide was attempted and the viscosity was controlled by varying the 
concentration (61). It was reported that the low concentration solution (4%w/v) was 
not spinnable due to the very low viscosity. Upon increasing the concentration and 
hence the viscosity, a mixture of beads and fibers was formed followed by beads 
disappearance and uniform fibers formation at concentrations above 10 %w/v. The 
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polymer solution was non-spinnable at 20 % w/v onwards due to the very high viscosity 
that hindered its flow from the needle. In addition, the type of solvent used where the 
same material might have different viscosities in different solvents impacts viscosity. 
PVP solutions, for example, show remarkably different viscosities when different 
solvents were used which affected their electrospinnability indicating the importance 
of choosing the suitable solvent system for ES (62). It is also worth mentioning that an 
increase in the solution viscosity corresponds to an increase in the fiber diameter and 
vice versa (61,62). 
1.3.3.1.4 Surface tension 
Electrospinning process takes place when the applied electrical force exceeds the 
surface tension of the polymer solution. Therefore, the lower the surface tension, the 
easier the ES process. High surface tension is associated with low polymer solution 
concentration and low viscosity (63). It also prevents fiber formation in electrospinning 
under a certain concentration leading to the formation of droplets, rendering the 
polymer solution as non-spinnable (16). In one study, it was reported that with low 
gelatin solution concentration (7%), no fibers were formed due to the high surface 
tension and low degree of entanglements (49). This has been overcome by increasing 
the concentration of the solution to 20%, which resulted in higher viscosity and lower 
surface tension which eventually lead to nanofibers formation (49). In addition, the 
solvent system used caused changes in surface tension and consequently to the ES 
fibers produced. This was represented by the variation of surface tension and hence 
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fiber properties when using ethanol only versus ethanol and water as solvents for PVP 
prior to ES (64). 
1.3.3.1.5 Conductivity 
ESF are mainly formed under the domination of electrical force. Thus, the surface 
charge of the polymer particles, presence of ions and hence the conductivity plays a 
major role in the final structure of the fibers. Since different materials have different 
conductivities, controlling conductivity is essential for ES in some cases. Generally, 
increasing the conductivity leads to smaller fiber diameter and aids in bead elimination. 
It was found that as the conductivity and surface charge of the polymer increases, more 
repulsion between polymer particles occurred resulting in the decrease of the fiber 
diameter (65,66). However, very high conductive solutions were reported to be unable 
to form Tylor cone (67).  On the other hand, very low conductivity will prevent the 
electric force from forming Tylor cone and hence a continuous stream from needle to 
collector will not be established (67). Either using solvent mixtures or salt additions 
can control solution conductivity. The same polymer material can have different 
conductivities in different solvent/solvent mixture. For example, PVP has variable 
conductivities when dissolved in ethanol only versus ethanol/ water mixture (64). Also, 
the increase in the water content lead to an increase in the electrical conductivity. (64). 
In addition, when ES was attempted on polystyrene, different conductivities were 
reported when using the same solvents from different suppliers like dimethyl 
formamide, tetrahydrofuran and chloroform (65). The second factor that can 
manipulate conductivity is the addition of ionic salts. Those ionic charged salts, even 
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in the lowest concentration, can affect the fiber morphology, diameter and the 
formation of beads. For instance, magnesium chloride, lithium chloride and sodium 
chloride produced a variation in conductivities of PVP in ethanol during ES. The 
overall result was a decrease in the bead formation associated with a decrease in the 
fiber diameter for the same reason mentioned earlier (65). Similarly, when PEO/water 
mixture was electrospun, addition of NaCl caused an increase in the conductivity and 
a decrease in the fiber diameter, following a power law relation (67). Chen et al. have 
also reported that conductivity can be used as guidance signals for cell growth and 
proliferation. Upon the addition of polyaniline in low concentration to -
polycaprolactone, conductivity was significantly increased. In addition, presence of 
polyaniline salt improved myoblast differentiation compared to polycaprolactone alone 
(68). 
1.3.3.2 Process Parameters 
 1.3.3.2.1 Flow rate 
Low flow rate could result in the inability of the polymer to be ejected from the needle 
while high flow rate could result in beaded fibers. This is due to a malformed Tylor 
cone and incomplete drying of the solvent before reaching the collector. Generally, a 
low flow rate that is high enough to eject the solution is favorable to allow solvent 
evaporation and prevent bead formation. This was clear when a low and a high flow 
rate was used to electrospin poly acrylic acid in ethanol. Ribbon structure was formed 
on high flow rate indicating the presence of unevaporated solvent while the Tylor cone 
could not be preserved on low flow rate (69). In addition, it was reported that increasing 
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flow rate lead to a significant increase in fiber diameter. This was due to the increased 
amount of polymer solution expelled from the needle, which lead to larger fibers 
depositing on the collector. This also led to thicker scaffolds, higher porosity and larger 
pore size at higher flow rate.  However, more uniform diameter distribution was 
established at lower flow rates (70). In addition, an increase in the average pore size 
was the result of elevating the flow rate (71). 
1.3.3.2.2 Applied Voltage 
The applied voltage is another characteristic parameter for the ES process. It is 
responsible for charging the polymer solution and therefore pushing the polymer jet to 
the grounded collector. At a low applied voltage, the electric force is insufficient to 
counteract the surface tension of the polymer drop on the needle and the jet fails to flow 
to the collector. A critical voltage has to be applied to enable the electric potential to 
overcome the surface tension and the jet starts flowing to the collector. The variation 
in voltage affects both the fiber diameter and the diameter distribution. Generally, 
increasing the applied voltage leads to a decrease in the fiber diameter (53,72). This is 
referred to the increase in the repulsion forces between the polymer particles leading to 
more extension and hence a decrease in the fiber diameter (73).  When the voltage is 
increased to a very high level, an increase in the fiber diameter takes place due to the 
forced increase in the polymer solution expelled from the needle which might form 
beads (72,73). In addition, increasing the voltage was found to resolve the problem of 
beaded fibers as in the previously reported electrospinning of gelatin solutions (53,73). 
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1.3.3.2.3 Needle to collector distance and collector type 
The distance between the needle tip and the collector needs to be optimum to allow 
enough time for solvent evaporation and hence, fiber formation. A very short distance 
will form a straight jet only due to the inadequate length to form the bending instability 
(47). Moreover, a short distance leads to bead formation in a way similar to that with a 
very high applied voltage. This is due to an increase in the field strength which causes 
stream instability (72). Longer or shorter distances than the optimum, will cause fiber 
diameter differences. In general, an increase in the distance leads to a decrease in the 
fiber diameter. This is attributed to the increased elongating of the stream before hitting 
the collector (72). In addition, different collector types yield different fiber geometry 
and alignment. Generally, in TE applications, flat plate or rotating mandrel collectors 
are typically used to obtain uniform, random or aligned fibers for different uses. Flat 
collector can be used to produce randomly aligned ES scaffolds. Rotating collector 
produces more aligned fibers which mostly aim for aligned cell growth on the scaffolds 
(50). Vaquette et al. have used different collector morphologies of variable patterns to 
examine the effect on scaffold porosity and cell proliferation compared to conventional 
ES scaffolds. They reported that produced ESF take the shape of the collector and there 
was an overall enhancement of porosity, pore size, cell penetration and growth. 
However, mechanical properties were lower than conventional scaffolds because of the 
higher porosity attained (74).  
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1.3.3.3 Environmental Parameters  
It is important to perform ES under controlled environment since the surrounding 
environment plays a critical role in shaping the final fibers formed by ES. However, 
there are not too many reports discussing that role. When ES was conducted under 
various humidity levels, beads formation was noticed under low level while the beads 
disappeared under high humidity level (75).  It was also reported that when the 
humidity level was elevated above 30%, the fiber surface became porous due to 
evaporative cooling of the solvent under high humidity (76). Temperature alone had no 
significant effect on the process but with high humidity, its effect was well presented 
by bead disappearance. Moreover, fiber diameter was found to decrease with the 
elevation of temperature due to the decreased viscosity of the solution (77). In addition, 
if there was an air flow around the flowing jet, this might affect the interaction of the 
polymer particles together leading to a non-expected change in the pattern of the fibers 
(78). In summary, as seen in the above overview on the other factors affecting ES 
process, all parameters are cross-correlated and affect one another. For instance, 
concentration of the solution and the dispersed polymers’ molecular weight affects 
viscosity and chain entanglement, which influences the fiber diameter. The distance 
between needle and collector and applied flow rate influence the morphology of fibers 
with variable applied voltages. Surface tension variation will lead to the variation of 
the applied voltage. Material conductivity influences the used applied voltage, which 
in turn changes the fiber diameter. Thus, the ES process and the produced Nano fibrous 
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scaffolds can be controlled by finding out the optimum combination of all the 
aforementioned factors. 
1.3.4 Types of Electrospinning 
Changes in the basic setup of the ES machine can be done to accommodate the different 
materials used, the intended structure, and application to be achieved. For example, 
poly--caprolactone and gelatin based ESF were investigated as a potential sustained-
release drug delivery system which appeared not to be very promising at the beginning, 
as immediate drug release was the dominating mechanism (79). Addressing this issue 
lead to the discovery of the two-phase electrospinning techniques such as co-axial and 
emulsion electrospinning, that produced fibers with core shell properties capable of 
forming ESF for use as sustained-release drug delivery systems (80,81). Some other 
applications required loading of different materials on the produced scaffold as in case 
of blend or composite ES that were used widely for bone TE. This concept of ES 
involved blending all the needed components into the polymer solution, forming a 
suspension, which was then electrospun to form loaded fibers (82,83). In some other 
cases, the elimination of the use of organic solvents was a necessity. In that case, solid 
material or combination of materials were melted within the syringe of the ES machine 
and then directly electrospun in a process called melt electrospinning (84,85).  
Moreover, some materials that can be used in TE applications are non-electrospinnable. 
Collagens for example, were considered non-electrospinnable although they are natural 
components of ECM with relatively high cell adhesive properties and biocompatibility 
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compared to synthetic materials. However, these materials were successfully 
electrospun upon mixing with other electrospinnable polymeric materials in a multi-
source multi-power electrospinning  design (86).  
1.3.4.1 Reactive Electrospinning 
In this type, the ES process is combined with a crosslinking method applied in-situ to 
the jet flowing from the needle to the collector (87). The crosslinking mechanism of 
the nanofibers was further used to classify the process into two main subtypes. If the 
jet was exposed to a chemical crosslinking agent, it was called chemical reactive ES 
(CRES). Similarly, upon exposing the flowing jet to different types of radiations (e.g. 
visible light, ultraviolet light or gamma radiation), the process was named as photo-
reactive ES (PRES). The mode and location of exposure of the polymer to the 
crosslinker was also used to classify the process into several types reported elsewhere 
(87) 
1.3.4.1.1 Chemical Reactive Electrospinning (CRES) 
In CRES, the chemical crosslinking reaction takes place in situ during the ES. It can 
take place within the syringe just before expulsion of the solution to the collector or 
while the jet is flowing towards the collector. Several approaches have been applied to 
utilize CRES to yield products suitable for the intended applications. 
1.3.4.1.1.1 Environmental crosslinking 
It can take advantage of environmental conditions to establish a fast crosslinking. In a 
report by Molnar et al., Polyamide based gel scaffolds were prepared using CRES by 
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utilizing the oxygen in the atmosphere. In their report, polysuccinimide grafted with 
cysteamine moieties dissolved in dimethylformamide for ES was used. When the 
polymer solution was ejected from the needle, the oxygen in the air caused a rapid 
crosslinking reaction at the sulfide moieties, which lead to the in situ crosslinking of 
the jet to form the intended ESF. The authors conducted a thorough job in explaining 
the chemistry and the mechanism of both the reaction and fiber formation. Although 
their main aim was to hydrolyze the produced fibers to form gel fibers, investigating 
the effect of crosslinking was not explored beyond the effect on the viscosity of the ES 
solution and the diameter of the produced fibers. In addition, a control scaffold was 
produced using the linear non-grafted, non-crosslinked polysuccinimide. SEM analysis 
showed the formation of ESF which was not compared with an SEM of its crosslinked 
replica. However, the approach of producing gel fibers by these investigators was a 
new approach to enhance the diffusion of molecules into the mesh microstructure. 
Unfortunately, as per atomic force microscopy conducted, fibrous structure produced 
was lost upon wetting due to the inflation of the fibers, which upon drying stuck 
together due to the high hydrophilicity(88). The advantage of such a process could be 
discovered in a future study.  
Dong et al. used an innovative approach to minimize the toxicity of Cyanoacrylates 
used for wound closures. An airflow assisted ES process was used with the FDA 
approved n-octyl-2-Cyanoacrylate medical glue for what was called “in-situ precision 
ES”. This process can be referred to as in-situ crosslinking where cyanoacrylate 
crosslinked upon exposure to anionic initiators once electrospun on wound surfaces. In 
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that study, water molecules in the atmospheric air acted as an in situ crosslinker to form 
the thin fibrous membrane on wound surface. In addition, the ESF were crosslinked 
more via the amino groups abundantly found in the liver tissues. This aided in the 
complete wound closure and hence stopping further blood loss. They were able to 
decrease the dose by approximately 80% compared to that used with conventional 
spraying. Consequently, this decreased the toxic effects of cyanoacrylates like 
inflammation and necrosis to moderate and low ranges as confirmed by the histological 
examinations after seven days with hepatocytes. In addition, fast restoration of 
homeostasis occurred represented by the liver enzyme levels at three and five days 
compared to spraying. Also upon attempting to close the wound and amputating the 
suture, the operation was easily performed in case of ESF due to the accurate 
controllable range of the ES process. On the contrary, three rats died upon performing 
the same operation due to the wide range of deposition in case of spraying. This 
innovative approach is very promising for civilian and military applications. However, 
further elaboration on the ES process parameters, machine setup, chemical and 
morphological characterization would have been be a good addition to their work. In 
addition, the researchers reported the use of n-octyl-2-CA on liver cells although it was 
FDA approved for external use only instead of using n-butyl-2-CA, which was 
approved for internal use already. Moreover, the sample size varied in their experiments 
and only rat liver was used as an example of the application (89).  
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1.3.4.1.1.2 Direct mixing 
A modified variation of hyaluronic acid (HA) with low molecular weight was reported 
to utilize dual syringe setup with concurrent chemical crosslinking. In their report, Ji et 
al.  used 2 %w/v of 3, 3′-dithiobis (propanoic dihydrazide) modified HA as the main 
component with PEO as viscosity modifier in one syringe. The chemical crosslinker, 
polyethylene glycol diacrylate, was used in the second syringe with concentration of 9 
% w/v. Upon initiating ES, the two solutions were mixed and crosslinking occurred in 
situ as the jet flows to the collector. The formed scaffolds were soaked in water to 
undergo PEO removal, which was confirmed by FTIR and DSC analysis. Afterwards, 
to enhance cell attachment the scaffolds were covered with human fibronectin and 
examined cell growth of 3T3 fibroblasts. Confocal microscopy showed that cells grew 
into the scaffold forming a 3D dendritic structure. This approach had the advantage of 
controlling the crosslinking degree and hence the physical properties of the scaffolds 
by controlling the ratios of crosslinker to polymer in the ES process. However, further 
testing of the mechanical properties of the scaffolds might be needed to determine the 
exact TE purpose of use (90).  
CRES was also applied to produce fibers with pores embedded on the fiber surface. 
Mentonite particles were formed in-situ from its precursors during the ES process. This 
reaction produced water as a side product, which induced pore formation on the surface 
of the fibers. This porous structure was reported to have its advantages for future 
biomedical uses (91).   
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1.3.4.1.1.3 PH change 
Another strategy is to use the ES process itself in favor of fiber formation. The pH 
change that occurred due to solvent evaporation facilitated the polyelectrolyte 
complexation (PEC) of lignin/chitosan/PEO based solutions in acetic acid/water 
solvent system to produce ES fibers (92). In that report, the authors soaked the formed 
fibrous mats in water to eliminate the PEO. Soaking in water gave the advantage of 
enhancing the PEC bond strength and hence rendered them thermally more stable. 
However, ES was not attempted without PEO for comparison reasons. In addition, the 
SEM images of the fibrous structure contained some branching and some fusion points 
where several fibers merged to one thick fiber. Yet, the advantage of using green 
solvents paved the road for many applications that can be pursued in future studies.  
1.3.4.1.1.4 Combining with other crosslinking strategies 
Co-axial setup together with thermal crosslinking was utilized in a report by Niu et al. 
Polydimethylsiloxane (PDMS) was used as a core polymer cured thermally by 
collection on a hot plate at 100 oC during electrospinning with a PVP shell in a Co-
axial ES setup. This was followed by leaching out the PVP coat, leaving the formed 
crosslinked PDMS fibers. The main characteristic of the produced scaffolds was the 
high elasticity and tensile strength. Both sole fibers and fibrous mats showed an 
exceptionally high elongation ratio of 212% and 403% respectively. The study included 
comparisons between conventional film and fibrous mats. Despite the lack of 
comparison with other polymers designed for the same intended use, this study utilized 
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the high elasticity of silicone polymers to be used in different applications, including 
biomedical ones (93). 
1.3.4.1.1.5 CRES and post-crosslinking 
The advantages of CRES versus post crosslinking of the fibrous mats have also been 
investigated (94,95). In these studies, post-crosslinking process caused a non-uniform 
crosslinking between the surface and the interior part of the scaffold. This lead to the 
loss of porous morphology of the fibrous mats. In addition, it might have produced 
fibrous mats with traces of toxic crosslinking agents, which would affect their use for 
biomedical applications (94,95).  In an attempt to prove the superiority of CRES, Meng 
et al. compared both the in situ and the post crosslinking processes for electrospun 
collagen only scaffolds using a mixture 1-ethyl-3-(3-dimethyl-aminopropyl)-1-
carbodiimide hydrochloride and N-hydroxysuccinimide crosslinkers (96). In their 
work, collagen was mixed with the crosslinking agents and the mixture was transferred 
to a syringe after which ES was performed. The work demonstrated that in situ 
crosslinking prevented the drop in the size of the scaffold that resulted from using post 
crosslinking strategies when placed in water. Moreover, a preserved porous structure 
was still seen even after immersion in water suggesting sufficient water resistance. 
Mechanical testing showed reasonable results between dry and hydrated in situ 
crosslinked scaffolds. However, a comparison between the mechanical properties of 
in-situ crosslinked versus post cross-linked scaffolds would have added more 
advantages to the CRES. Although it is a one-step process, it is very delicate that is 
affected by other factors as humidity and the ratio of cross linkers. In addition, no in-
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vitro study for cell or drug release was performed to assess the extent of using that 
scaffold in biomedical applications.  
CRES with post-crosslinking strategies was also discussed in several reports using 
synthetic materials for TE applications. In a report by Yuan et al., the pure, 
glutaraldehyde (GTA) in situ crosslinked and GTA post crosslinked PVA electrospun 
fibers were compared (97). In this report, a 12% pure PVA was used as a reference to 
get ideal material parameters for ES. Afterwards, GTA post-crosslinked electrospun 
fibers were used as a control and compared to the in situ thermal/ GTA crosslinked 
fibers in terms of fiber morphology, water resistance, mechanical properties and 
thermal stability (97,98). Results showed that the in situ crosslinked PVA scaffolds had 
higher elastic modulus with reserved fibrous structure after water immersion for 
24hours. Moreover, the in situ crosslinked fibers were thermally more stable than the 
control. However, weight loss upon water immersion for more than 24 hours was not 
assessed which could limit the use of these scaffolds in case of sustained-release 
delivery. In addition, enhanced mechanical properties of the fibers in case of in situ 
crosslinked fibers was reported which was represented by an increase in young’s 
modulus compared to control. This requires a comparison to a reference value of 
young’s modulus depending on the intended use. SEM results showed beaded fibers 
for concentrations less than 12%. However, 10% PVA was reported to produce non-
beaded fibers (99).  Finally, the use of these scaffolds in TE applications need further 
testing, especially with the use of GTA, which has cytotoxic effects, and with the use 
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of heat, which might hinder the application of these scaffolds for bioactive molecules 
and protein incorporation and delivery.  
1.3.4.1.2 Photo- Reactive Electrospinning (PRES) 
Photocrosslinking was proven to overcome many limitations present in chemical 
crosslinking processes. For instance, removal of residues of some cytotoxic cross 
linkers such as glutaraldehyde was always a challenge. Therefore, achieving 
photocrosslinked fibers without these issues is a trending interest. Moreover, for in situ 
crosslinking, the crosslinking is usually more evenly dispersed throughout the fibers, 
while the post crosslinking method can lead to an un-even crosslinking on the surface 
and interior of the fibers, which in turn has an impact on the mechanical characteristics 
of the produced ES mats. Several approaches have been followed to maximize the 
benefits of PRES according to the purpose of use. These can be listed as follows: 
1.3.4.1.2.1 PRES with Ultraviolet (UV) irradiation  
For PRES to work, sufficient energy source should be used to achieve efficient 
crosslinking in the short period of time when the jet is flowing to the collector. On the 
other hand, it should be relatively safe. Visible light was not used with PRES due to its 
low energy, requiring longer periods to achieve the needed degree of crosslinking. 
Consequently, most of the reports published, used UV light the crosslinking source as 
it satisfies the above criteria.  Few reports utilized Gamma radiation due to safety 
concerns. 
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1.3.4.1.2.1.1 Polymeric materials with photo reactive double bonds 
Photocrosslinking was reported to offer control over few properties such as elasticity. 
While electrospinnable polymers are mostly thermoplastics, few of them are 
elastomeric. In an attempt to have viscoelastic fibers, Tian et al. reported the fabrication 
of polybutadiene rubber (BR) electrospun, photo cross-linked fibers (100). These fibers 
have the potential to be used in innovative composites with improved mechanical 
properties compared to the conventional composites. To achieve their goal, 
entanglement concentration was calculated of BR in THF solution using equations 
based on viscosity then the optimum concentration for ES was chosen accordingly. The 
optical microscope images confirmed that any concentration below or equal to the 
entanglement concentration, beads and beaded fibers were obtained respectively. 
Further increase in concentration resulted in the formation of uniform bead-less fibers 
that started to lose their morphology after 8 hours of storage under ambient 
temperature. To overcome the change in morphology, in situ photo-crosslinking using 
a halogen lamp was introduced during electrospinning in the presence of 
camphorquinone initiator. The obtained fibers preserved their morphology under 
ambient temperature for 20 hours. Although the results were interesting and promising 
for new composites, further studies are required regarding the mechanical, thermal 
properties of the fibers and morphological analysis using SEM. Commercial medical 
polyurethane was modified chemically with acyl chlorides, electrospun and crosslinked 
during electrospinning using UV light to manufacture vascular grafts with suitable 
characteristics. SEM images showed the successful ES of Polyurethane, which showed 
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an enhancement in the solvent resistance to both H2O2 and AGNO3 due to UV 
crosslinking. The produced grafts possessed suitable burst pressure and a decrease in 
the compliance after crosslinking due to the relatively low porosity in the wall of the 
graft, which was yet within the physiological range. The modified polyurethane also 
showed a reduction in hysteresis and creep. There is no doubt that a cytotoxicity study 
using the modified polyurethane was needed to confirm its cytocompatibility and hence 
its validity for vascular grafts production. Moreover, a comparison in the mechanical 
properties of both crosslinked and un-crosslinked ES grafts taking into consideration 
the degree of modification would have been of considerable value. Having said that, 
the ease of controlling the degree of crosslinking with chemical modification and the 
utilization of in situ low toxicity and efficient UV crosslinking have rendered it a 
promising technique for broadening the area of application of the medical polyurethane 
(101). In another context, photo reactive methacrylate groups were added chemically 
to PVA, which was further UV crosslinked in a PRES process. The crosslinking process 
rendered the fibers resistant to different solvents and sarcoma cells were grown 
successfully on the scaffolds. Although UV crosslinking has its advantages, this report 
contained only qualitative data without showing the quantitative aspect in terms of the 
fibers physical, mechanical, degradation properties and in relevance to cytotoxicity 
assays (102). Another example for chemical modification of a material rendering it 
suitable for PRES was reported.  Wu et al. reported the synthesis of Poly (2, 3-
dihydroxycarbonate) followed by the addition of UV responsive methacrylate group. 
This was followed by ES with an in situ UV crosslinking using a variety of 
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methacrylation degrees, UV intensities and ratios of PEO as an entanglement enhancer. 
The variation in the methacrylation degree affected the degree of crosslinking and 
hence several aspects of the characterization. FT-NIR analysis showed the successful 
reaction completion with variation in methacrylation peaks. Morphological analysis 
showed the successful production of fibers with and without UV crosslinking. 
However, upon immersing the fibers in chloroform for 24 hours, the un-crosslinked 
fibers completely dissolved while the crosslinked fibers preserved their physical 
structure. In addition, fiber diameter increased with increasing the crosslinking degree 
and ESF showed amorphous behavior after crosslinking indicating higher thermal 
stability compared to the non-UV crosslinked. Moreover, an enhancement in elastic 
modulus and tensile strength corresponding to increasing degree of crosslinking 
occurred while biodegradation rate showed a decrease with increasing the crosslinking 
degree. This was an indication of the ability to control the fiber properties with 
controlling the initial synthesis reaction. The produced ESF also demonstrated efficient 
cytocompatibility compared to both the film and the control tissue culture treated 
plastic. The cells were able to attach and grow on the surface of the scaffolds more 
efficiently than the control indicating its promising future for tissue engineering 
applications (103). The methacrylation approach was also utilized in another study used 
poly (2-hydroxyethyl methacrylate). The produced fibers after UV crosslinking showed 
an enhancement in the elasticity upon immersion in water as shown by atomic force 
microscopy. The fibers were not produced without UV exposure indicating the 
importance of PRES for fiber production. However, more analysis in terms of 
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morphological, thermal, mechanical testing and cytotoxicity assessment is needed to 
render the polymer material as a promising candidate for TE application (104).   
1.3.4.1.2.1.2 Addition of photo reactive groups 
This is the most common approach used when it comes to PRES. One of the earliest 
PRES attempts was performed through the addition of a cinnamoyl group to poly 
(methyl methacrylate- co-2-hydroxyethyl acrylate) to render the polymer UV cross-
linkable. Different percentages of cinnamoyl groups were incorporated and the 
successful reaction was confirmed by absorbance FT-IR. In addition, UV absorbance 
was measured for both UV crosslinked and non-crosslinked ES fibers indicating the 
successful addition of cinnamoyl groups. However, SEM results showed no major 
differences between UV crosslinked and non-crosslinked ES fibers. In addition, the 
effect of UV on mechanical properties was not explored. Yet, this work opened the 
door for other attempts to utilize UV crosslinking in the ES machine setup (105).  
In another study report by Xu et al., PRES was attempted using methacrylated L-poly 
ethylene imine (PEI) to produce scaffolds for TE purposes. They attempted to 
electrospin different concentrations of methacrylated PEI in ethanol with in situ 
crosslinking using UV light. It was found that porous ESF could not be produced with 
concentrations varying from 10% and up to 30% w/v and using different 
methacrylation degrees ranging from 3% and up to 59.2 %. The reason behind the 
collapse of the fibrous structure was attributed to the hydrophilic nature of the polymer 
material. The other reason was the low molecular weight of the PEI used in preparation 
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of ESF which lead to a degree of chain entanglement below the critical level needed 
for fiber formation. Those reasons made the research team use 2% w/v of high 
molecular weight PVP to act as an entanglement booster. The SEM results showed 
successful formation of porous fibrous structure of PEI concentrations of 10, 20 and 
30%. Fiber diameters showed an increase with increasing the UV intensity. On the 
other hand, a mean fiber diameter of 419 ± 256 nm for non-UV crosslinked fibers was 
reported, which contradicted the SEM results that showed no fiber formation. 
Moreover, the UV crosslinking process rendered the scaffold resistant to ethanol, water 
and culture medium preserving the porous structure. Also the effect of different UV 
intensities (140 and191 mW/cm2 at 14.8% acrylation degree and 140 mW/cm2 for 59.2 
% acrylation) on the morphology was examined. However, ESF prepared under UV 
intensity of 85mW/cm2 were subjected to mechanical testing in which they reported an 
increase in the apparent tensile strength with increasing the crosslinking degree. It is 
worth mentioning that the acrylation degrees used for tensile testing were only up to 
14.8% without testing the other acrylation degrees reported in other tests. In addition, 
further future testing of the scaffold porosity, pore size and in vitro cytocompatibility 
could make those scaffolds a promising candidate for TE applications (60). 
A study reported by Lin and Tsai was another example of in situ photocrosslinking of 
gelatin fibers (106). Unlike the majority of work on PRES, where the polymer usually 
constitute a double bond activated by a photo initiator for crosslinking, their work was 
based on azido (AZ) group that was activated to an active nitrene group upon exposure 
to UV. This short-lived group readily reacted with any CH or NH available group 
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rendering chemical bond. The azido group was incorporated to polyacrylic acid chains 
(PAA) and PAA-AZ was mixed with gelatin prior to ES. A comparison from 
mechanical and cell attachment/cytotoxicity point of view was done between the azido 
cross-linked gelatin and conventional glutaraldehyde (GTA) cross-linked gelatin. DSC 
results revealed that unlike PAA-AZ cross-linked fibers; crosslinking by GTA was 
uneven throughout the fibers. That was due to creation of a cross-linked layer on the 
surface preventing the diffusion of GTA vapor into interior of the fibers. Cell culture 
on gelatin fibers cross-linked by GTA showed some cytotoxicity while PAA-AZ cross-
linked fibers had superior cellular compatibility. Finally, to improve bioactivity of 
gelatin ESF, the authors incorporated hydroxyl apatite nanoparticles into the fibers and 
observed better mineralization of the cells that confirmed the suitability of these fibers 
for tissue engineering applications.  
1.3.4.1.2.1.3 Using pre-crosslinked material 
Another PRES approach was implemented on PVA. First, it was chemically cross-
linked with tetraethyl ortho-silicate and 3-trimethoxysilylpropylmethacrylate to render 
it water insoluble. Afterwards, it was mixed with 4-vinylbenzene boronic acid/ 
hydroxyl appetite/ keratin prior to ES. The nanofibrous scaffold was in situ crosslinked 
using UV light and it was subjected to cytotoxicity testing using MTT assay. The results 
were satisfactory especially for the formulations containing keratin. However, the 
benefit of reactive ES with UV crosslinking was not thoroughly investigated. Further 
studies are needed to investigate the effect of UV on the fibrous morphology using a 
non-cured scaffold as a control. In addition, mechanical properties of the scaffold needs 
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to be further explored as it might have an effect on cell proliferation and development 
(107).  
1.3.4.1.2.1.4 Addition of a Photo Reactive Polymer material  
The PRES was reported to also enhance the mechanical properties of the ESF when 
implied. For instance, polyurethane based scaffold demonstrated enhanced tensile 
strength when mixed with variable ratios of polyethylene glycol methacrylate and in 
situ UV cross-linked during ES. It was found that the higher the percentage of the 
methacrylate moiety, the higher the tensile strength of the scaffold compared to other 
scaffolds with less methacrylate and more polyurethane. Moreover, hydrophilicity 
showed an enhancement as represented by water uptake and contact angle 
measurements. Cytotoxicity testing was done on human umbilical cord vein cells and 
the scaffolds were rendered cytocompatible (108,109). 
1.3.4.1.2.2 PRES and Gamma radiation 
Fibrous structures can sometimes be hard to be established using UV light. The 
polymer stream in some cases needed higher energy to achieve the required degree of 
crosslinking for maintaining the fibrous structure.  Dargaville et al. studied the ES of 
low Mwt poly (trimethylene carbonate- l-lactide) by acrylation of the end groups of the 
polymer (110). Their attempts to in situ or post crosslink the fibers using UV light were 
not successful due to the low glass transition of the polymer and slow crosslinking 
kinetics compared to fiber fusion. The heat produced by UV lamp was another 
parameter increasing the fiber fusion speed. It was believed that to have fibers produced 
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from a polymer solution, the concentration of the solution should exceed that of critical 
entanglement concentration in order to resist the stretching caused by the voltage 
without breaking into droplets. With the low Mwt copolymer used, this was not 
possible. Therefore, Gamma irradiation was utilized to achieve a stable morphology of 
fibers. Although there was a possibility of induced degradation, Gamma irradiation had 
many advantages to offer including high efficiency, sterilization effects and elimination 
of the need for photo-initiators with possible toxicity. The obtained fibers showed good 
resilience and elasticity in cyclic mechanical testing and fatigue testing, which was too 
important for applications in mechanically dynamic environments such as the vascular 
system. In addition, the moduli that was in the range of human arteries and 
enhancement of the growth and proliferation of human mesenchymal stem cells 
(hMSCs), gave the researchers a good reason to conclude that these scaffolds are an 
appropriate candidate for vascular tissue engineering.  
The chain degradation induced by gamma rays can affect mechanical properties of the 
polymer. For instance, plastics are usually gamma irradiated to induce crosslinking and 
therefore improve their mechanical properties. However, this effect may sometimes be 
negative on the properties as is the case with Polyamide 66 (PA66) fibers. In one study, 
this drawback was resolved by adding the crosslinking agent triallyl cyanurate (TAC) 
at a low concentration. The mechanical properties of PA66-TAC were improved by 
irradiation induced crosslinking (111). The effect of irradiation on cell response is 
especially important in biomedical applications where gamma irradiation is one of the 
approved techniques for sterilization. A study on polycaprolactone (PCL) fibers 
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showed that gamma irradiation affects many properties of the fibers. Decreased 
molecular weight, increased crystallinity and decreased mechanical properties, which 
were expected due to the lower molecular weights, were some examples. However, a 
comparison of sterilization using gamma irradiation and by submerging in ethanol 
revealed that there is no significant difference between the two methods and both 
supported the cell proliferation (112).  
Table 1 represent a summary list of the most recent studies utilizing reactive 
electrospinning with details pertaining to the utilized polymer, the chemical crosslinker 
used in case of CRES, source of radiation and initiator used in case of PRES. 
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Table 1.  A list summary of the most recent studies utilizing reactive ES 
Polymer Type of reactive 
ES 
Crosslinker or Radiation 
Source 
Initiator References 
Polyvinylalchol Chemical  Glutaraldehyde N/A (113) (97) 
Hyaloronic Acid Chemical Thiolated HA derivative, 3,3′-
dithiobis(propanoic 
dihydrazide)/ poly(ethylene 
glycol) diacrylate 
N/A (90) 
poly(2-hydroxyethyl methacrylate)/ 2-
ethoxyethyl methacrylate 
Chemical ethylene dimethacrylate N/A (114) 
Poly(2-hydroxyethyl methacrylate) Photo Ultra Violet light 2,2′-azobis 
(isobutyronitrile)  
and Darucur 1173  
(104) 
Chitosan Chemical Glutaraldehyde N/A (115) 
Poly(methyl methacrylate-co-2-
hydroxyethyl acrylate) 
Photo Ultra Violet light 
 
2,2′-azobis 
(isobutyronitrile) / no 
photoinitiator 
 
(105) 
Poly (aspartic acid) Chemical Atmospheric oxygen N/A (88) 
Lignin/ Chitosan Chemical PH change due to solvent 
evaporation 
N/A (92) 
Poly lactic acid/Mentonite Chemical Orthophosphoric acid/ Calcium 
hydroxide 
N/A (91) 
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Collagen Chemical 1-ethyl-3-(3-dimethyl-
aminopropyl)-1-carbodiimide 
hydrochloride/ N-
hydroxysuccinimide 
N/A (96) 
Bis maleimide terminated Poly-L-
Lactide/ bis furan terminatedPoly-D 
lactide 
Chemical Spnotaneous Diel alder’s 
coupling 
N/A (116) 
Methacrylated polyvinyl alchol Chemical/ Photo 3-mercaptopropyl 
trimethoxysilane/ UV 
Camphorquinone and 
Darocur 173 
(102,117) 
Methacrylated cellulose acetate 
butyrate/ collagen 
Photo UV light Irgacure 184 (118) 
Poly butadiene Photo UV Camphorquinone (100) 
Gelatin/ phenylazide-conjugated 
poly(acrylic acids) 
Photo UV N/A (119) 
Poly vinyl alchol/ 4-vinylbenzene 
boronic acid/ hydroxyl appetite/ 
keratin 
Chemical/ Photo Tetraethyl ortho silicate and 3-
trimethoxysilylpropylmethacryla
te/ UV light 
Darocur 1170 (120) 
Polyurethane/ Poly ethylene glycol 
methacrylate 
Photo UV light Benzophenone (108,109) 
poly (trimethylene carbonate- l-
lactide) 
Photo Gamma radiation Camphorquinone (110) 
Polyamide 66 Photo Gamma radiation N/A (111) 
Polycaprolactone Photo Gamma radiation N/A (112) 
n-octyl cyanoacrylate Chemical Atmospheric water molecules/ 
amine groups in the liver 
N/A (89) 
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Poly (2,3 L-hydroxy carbonate ) Photo UV Bis 
(2,4,6trimethylbenzoyl) 
phenyl-phosphine 
oxide 
(103) 
Medical poly urethane  Photo UV Cumene hydroperoxide 
(CHP), dicumyl 
peroxide (DCP) 
2,2′Azobisisobutyronitr
ile (AIBN) 
(thermal) 
ω,ω-dimethoxy-ω-
Phenylacetophenone 
(DMPA) (Photo) 
(101) 
L-Polyethylene imine  Photo UV phenyl-bis(2,4,6-
trimethylbenzoyl)-
phosphine oxide 
(60) 
polydimethylsiloxane (PDMS) Thermo-Chemical 100oC heated collector N/A (93) 
3,3′-dithiobis(propanoic dihydrazide)-
modified HA (DTPH-HA) 
Chemical Polyethylene glycol diacrylate N/A (90) 
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1.3.5 Types of Polymers used for Electrospinning 
1.3.5.1 Introduction 
Several natural and synthetic materials have been used generally to produce ESS for 
TE applications and they were reported previously (121,122,123). Each of those 
materials has its advantages, disadvantages and methods to improve the electrospun 
product for the intended application. 
1.3.5.2     Natural materials for electrospinning 
Since they readily exist in the human body as in ECM, natural materials are the most 
biocompatible with the least immunogenic reaction. They allow cell adhesion, growth 
and proliferation of cells remarkably. Several natural polymers were successfully 
electrospun, yet few of them have been solely electrospun. For example, Gelatin was 
solely electrospun successfully by optimizing the solvent composition of acetic acid 
and water together with the other ES parameters (124). A concentration of 16% gelatin 
in acetic acid/water (70%:30%) solvent produced fibrous mats that supported the 
attachment, growth and proliferation of keratinocytes for skin regeneration. Further 
histological analysis performed on mice revealed successful collagen growth and 
reduced inflammation within 7 days.  
On the other hand, there are several challenges facing the ES of natural materials. One 
of the challenges is there limited solubility in water; this is the reason why strong 
organic solvents such as 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol and trifluoroacetic acid 
are used to dissolve them.  Collagen was reported to be electrospun without additives 
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in several occasions using strong organic solvent systems (125,126,127). However, 
Punnoose et al. have reported electrospinning of collagen using a relatively mild acetic 
acid/ dimethyl sulfoxide solvent system (DMSO) (93%:7% ratios). Fabricated collagen 
fibrous mats were of reasonable porosity and mechanical properties. In addition, in 
vitro MTT testing using rat skeletal L6 myoblasts and proliferation study with primary 
cell lines of neonatal rats cardiomyocytes demonstrated acceptable biocompatibility 
and proliferation suggesting a potential use in cardiac TE applications (128). In 
addition, some natural materials are very challenging to be electrospun as Chitosan. 
This is due to its low viscosity, restricted solubility in organic solvents and its inflexible 
crystalline morphology. In such cases, other strategies should be implied to produce 
the ES fibrous scaffolds as chemical modification. Nada et al. used a nitro 
benzaldehyde derivative of chitosan to render it electrospinnable. They used different 
degrees of substitutions to obtain the optimal scaffolds for regenerative TE 
applications. The 12% degree of substitution lead to an enhanced viscosity that made 
it easier for electrospinning to produce bead free fibers. In addition, Human skin 
fibroblast were used for cytotoxicity testing which proved the scaffold biocompatible. 
Moreover, the scaffolds demonstrated antimicrobial activity against different types of 
microorganism as E-coli and bacillus subtilis (129).  
Other challenges with the natural materials are poor mechanical properties, which are 
hard to be controlled, and the faster degradation rate compared to synthetic materials. 
Lower mechanical properties will not allow cellular response to different signaling 
pathways and will not withstand high continuous stress as in joints or skeletal muscles. 
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These disadvantages limited the spectrum of use of these natural materials and 
therefore researchers sought other alternatives to eliminate those disadvantages.  
1.3.5.3 Combination of materials for Electrospinning 
One of the alternatives is composite ES that was reported before with different 
variations. The first was by combining the natural polymer with a synthetic 
electrospinnable one. In a recent study, PCL fibers were combined with gelatin fibers 
to enhance its mechanical properties for bone TE applications. This was done by 
collecting fibers of both materials on the same collector. The combination was reported 
to overcome the hydrophobicity of PCL and hence enhanced cell adhesion and growth. 
In addition, PCL enhanced the mechanical properties of gelatin rendering the 
combination suitable for TE applications. Moreover, they added calcium phosphate to 
facilitate the mineralization for bone TE applications. In this study, they reported an 
improvement in the mechanical properties by 43% compared to the gelatin/ calcium 
phosphate scaffold. PCL showed the highest elongation, gelatin alone was the lowest 
and the mixture was second to PCL with overall superior porosity (130). Similar 
strategy was achieved with hydroxyl ethyl cellulose and mineralization was 
successfully achieved (131). In another variation of the same approach, several natural 
biopolymers were combined with synthetic ones to mutually benefit the final scaffold. 
Polyurethane (PU) with its controllable mechanical properties was electrospun with 
zein/ cellulose natural polymers. This combination improved the hydrophilic character 
of the final scaffold and hence improved the cell proliferation. In this report, the authors 
demonstrated the successful electrospinning of fibrous mats loaded with streptomycin 
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sulfate. They also demonstrated the successful blood clotting and platelet activation to 
the scaffold upon the addition of blood while preserving the porous fibrous structure. 
Upon anti-microbial testing, the final Zein/ cellulose/PU/ drug scaffolds showed a 
remarkable zone of inhibition against several gram positive and gram-negative 
microorganisms compared to absence of inhibition of the control scaffolds. Moreover, 
the MTT assay showed an increasing fibroblast cell viability in the drug loaded 
scaffolds as well as the control ones for up to six days. It demonstrated the role of the 
natural polymers in the promotion of cell growth. Morphological analysis via SEM 
showed a normal cellular morphology for fibroblasts. Those findings qualified this 
scaffold to be used as wound dressing to prevent infections, induce blood clotting and 
enhance the cell growth and proliferation for wound healing (132). A combination of 
more than two components was also implemented previously where each component 
had a role for the intended application. PCL/ Poly methyl methacrylate (PMMA)/ 
Gelatin were used as a combination to produce ESS for drug loading and biomedical 
applications (133). PCL was used for its mechanical properties, its good flexibility, 
PMMA was added to prolong the degradation rate, and Gelatin played the 
compatibility-inducing agent that rendered the scaffold cytocompatible for cells and 
facilitated drug release. The mechanical properties of the three blends were superior 
for all compared to the control scaffolds made of the sole components. High PCL -
content scaffolds showed better elongation than the other two. However, scaffolds with 
higher PMMA and those with higher gelatin content showed remarkable enhancement 
in their elongation and their young modulus compared to their controls. Similar results 
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for the ultimate strength were obtained. On the other hand, scaffolds with the high PCL 
content preserved their fibrous porous structure upon immersion in ethanol- a common 
solvent used for drug loading. When scaffolds were tested for their release capacities 
using rhodamine B dye, scaffolds with the highest PCL content showed the longest 
degradation rate with the highest structural integrity in the release medium. Scaffolds 
with the highest gelatin content rapidly released the dye due to their rapid degradation. 
Interestingly, scaffolds with higher PMMA content showed high stress relaxation (as 
per SEM results) which influenced the porosity causing slower release and hindered 
diffusion of the dye in the release medium. This renders PMMA-high scaffolds as a 
potential candidate for prolonged transdermal release. Diffusion coefficient was 
calculated for all three combinations under different conditions confirming these 
findings. The findings of this study made this combination a good candidate for a wide 
array of applications just by varying the content of each polymer. In addition, more in 
depth studies for the release profiles of different drugs and cell proliferation needs to 
be done. Similarly, a blend of three polymers using 3 to 1 syringe needle was used to 
formulate ES multilayered vascular grafts. Scaffolds of different polymer compositions 
were tested and proven a successful candidate for synthesizing vascular grafts 
(134,135). 
1.3.5.4 Synthetic materials for Electrospinning 
The second alternative to natural biopolymers is to use synthetic polymers. Those 
polymers might be inferior in certain aspects as cytocompatibility, non-uniform 
biodegradability and difficult optimization of their synthesis for successful cell growth 
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and proliferation compared to natural materials. However, they are superior in their 
mechanical properties that can be also controlled based on the intended application by 
controlling the synthesis process or the ES process parameters. Several synthetic 
materials have been reported to be electrospun before and were utilized for a wide array 
of TE applications. Hydrophilic Polymers such as polyvinyl alcohol ( PVA) (136), poly 
urethane (PU) (137) and (138), poly ethylene oxide (PEO) (139),  Hydrophobic 
polyesters such as PCL (140), poly glycolic acid ( PGA) (141), poly lactic acid (PLA) 
(142,143) and Co-polymers as poly (lactic -co-glycolic acid) (PLGA) (144) have been 
electrospun before and studied thoroughly in the last 2 decades. However, most of the 
recent studies involving synthetic polymers constituted composite ES by mixing 
synthetic with natural or a couple of synthetic polymers. For example, PCL was 
reported to have good mechanical properties but its hydrophobic nature made its 
degradation time high and also prevents efficient cell attachment, growth and 
proliferation. To overcome this, it was mixed with PGA rendering the composite more 
biocompatible with better mechanical properties than each polymer alone (145). In 
addition, PCL fibers were used to encapsulate PCL/ PGA fibers making good use of its 
long degradation time to prolong that of PGA fibers (146). It was also found that 
composite fibers had higher yield strength, significantly higher young’s modulus and 
lower elongation at break than the fibers of the individual components. In another 
creative approach, a sandwich designed scaffold was fabricated with two layers: a base 
layer to inherit the scaffold mechanical strength composed of PCL/ PLLA, and a 
surface layer containing PCL/ Gelatin to overcome the cell attachment deficient 
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properties of PCL (147). In the middle, gelatin microspheres loaded with fibroblast 
growth factor 2 (FGF-2) were added for sustained release of growth factors. The base 
layer improved the mechanical strength of the scaffold and allowed easier handling, 
while the upper layer improved the cell attachment properties of the scaffold due to the 
gelatin content. Bioactivity testing using 3-(4, 5-dimethylthiazol-2-yl)−5-(3-
carboxymethoxyphenyl)−2-(4-sulfophenyl)−2H-tetrazolium (MTS) assay on human 
osteoblast cells showed higher levels on the first and the seventh day compared to the 
unloaded microspheres with no effect on the microspheres during preparation. 
Moreover, cell attachment was performed on the sandwich scaffold and compared to 
PCL/PLLA and PCL/Gelatin controls. MTS assay showed lower cell attachment for 
the former control while the later showed deformations during the fabrication steps. 
This rendered this preparation method and this scaffold suitable for soft to hard tissues 
as bone to cartilage. 
Study Objectives 
As stated in the above literature review, the optimum treatment strategy for MI with 
simplest procedures, highest recovery rate and lowest side effects remains a challenge.  
TE have proven to be a promising approach compared to conventional methods with 
studies currently investigating the optimum delivery technique. A lot of research work 
was conducted to develop the ideal scaffold with the highest resemblance for the natural 
ECM that can be used safely and effectively for cell delivery in TE applications. 
Natural materials had high biocompatibility but were of poor mechanical properties 
50 
 
while synthetic ones had superior tunable mechanical properties. In addition, most of 
the studies reported were using chemical crosslinking strategies. Moreover, few studies 
compared porous scaffolds produced by different techniques in terms of 
cytocompatibility and cell scaffold interaction. Consequently, the challenge remains to 
produce the porous structure with tunable mechanical properties, without using toxic 
crosslinking agents, while being cytocompatible, biodegradable with a promising cell 
attachment, growth, and proliferation and differentiation capacity. 
We have previously reported on the successful production of our novel, patented 
elastomer of the moiety poly (diol-co-tricarballylate) to be used for TE and drug 
delivery applications (148). This molecule based on tricarballylic acid- a natural 
product of the Krebs cycle- and alcohols was produced via a condensation reaction 
followed by an acrylation reaction to render the polymer photocrosslinkable. This later 
characteristic feature of our polymer allowed the easy manipulation of mechanical 
properties by controlling the degree of acrylation to suit the purpose of use. Different 
characterization methods showed the amorphous nature of the produced elastomer. In 
addition, the elastomer was biodegradable and biocompatible, showing a bulk 
hydrolysis behavior by esterases in the human body with structural integrity for over 
12 weeks (149). Moreover, its high photocrosslinking efficiency and the ability to 
disperse drugs without a solvent was of special importance for different controlled drug 
delivery applications. In a following study, interleukin 2 (IL-2) was found to be fully 
stable during a release study with bioactivity studies of more than 94% compared to its 
conventional activity over 28 days (150). Moreover, an osmotic driven release study 
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demonstrated linear and manageable release profile (151). However, most of the work 
done before was to exploit and utilize all those characteristics for controlled drug 
delivery applications with minimal work related to TE applications. 
In this dissertation, we claim that the acrylated poly (1,10 decanediol-co-tricarballylate) 
(APDT) synthetic copolymer, photocrosslinked mesh scaffolds that act as a cellular 
niche suitable for cell loading to repair the diseased myocardium could be designed. 
We aimed to synthesize and characterize both the PDT prepolymer and the acrylated 
polymer. Afterwards, we proposed two methods to design a 3D scaffold for TE which 
are: 1) Conventional solvent free particulate leaching using the most commonly used 
porogen, sodium chloride, and the novel trehalose dihydrate which was to the best of 
our knowledge, have never been used before as a porogen. 2) Novel photo-reactive 
electrospinning to produce an electrospun elastomeric mesh scaffolds via optimized ES 
parameters. Scaffolds produced from both processes were compared via different 
characterization techniques. Finally, this study was concluded with in vitro 
investigation of the cytocompatibility and cell scaffold interaction assessment using 
H9C2 cardiomyoblasts and adipose derived mesenchymal stem cells. 
As stated in the above literature review, the optimum treatment strategy for MI with 
simplest procedures, highest recovery rate and lowest side effects remains a challenge.  
TE have proven to be a promising approach compared to conventional methods with 
studies currently investigating the optimum delivery technique. A lot of research work 
was conducted to develop the ideal scaffold with the highest resemblance for the natural 
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ECM that can be used safely and effectively for cell delivery in TE applications. 
Natural materials had high biocompatibility but were of poor mechanical properties 
while synthetic ones had superior tunable mechanical properties. In addition, most of 
the studies reported were using chemical crosslinking strategies. Moreover, few studies 
compared porous scaffolds produced by different techniques in terms of 
cytocompatibility and cell scaffold interaction. Consequently, the challenge remains to 
produce the porous structure with tunable mechanical properties, without using toxic 
crosslinking agents, while being cytocompatible, biodegradable with a promising cell 
attachment, growth, and proliferation and differentiation capacity. 
We have previously reported on the successful production of our novel, patented 
elastomer of the moiety poly (diol-co-tricarballylate) to be used for TE and drug 
delivery applications (148). This molecule based on tricarballylic acid- a natural 
product of the Krebs cycle- and alcohols was produced via a condensation reaction 
followed by an acrylation reaction to render the polymer photocrosslinkable. This later 
characteristic feature of our polymer allowed the easy manipulation of mechanical 
properties by controlling the degree of acrylation to suit the purpose of use. Different 
characterization methods showed the amorphous nature of the produced elastomer. In 
addition, the elastomer was biodegradable and biocompatible, showing a bulk 
hydrolysis behavior by esterases in the human body with structural integrity for over 
12 weeks (149). Moreover, its high photocrosslinking efficiency and the ability to 
disperse drugs without a solvent was of special importance for different controlled drug 
delivery applications. In a following study, interleukin 2 (IL-2) was found to be fully 
53 
 
stable during a release study with bioactivity studies of more than 94% compared to its 
conventional activity over 28 days (150). Moreover, an osmotic driven release study 
demonstrated linear and manageable release profile (151). However, most of the work 
done before was to exploit and utilize all those characteristics for controlled drug 
delivery applications with minimal work related to TE applications. 
In this dissertation, we claim that the acrylated poly (1,10 decanediol-co-tricarballylate) 
(APDT) synthetic copolymer, photocrosslinked mesh scaffolds that act as a cellular 
niche suitable for cell loading to repair of the diseased myocardium could be designed. 
We aimed to synthesize and characterize both the PDT prepolymer and the acrylated 
polymer. Afterwards, we proposed two methods to design a 3D scaffold for TE which 
are: 1) Conventional solvent free particulate leaching using the most commonly used 
porogen, sodium chloride, and the novel trehalose dihydrate which was to the best of 
our knowledge, have never been used before as a porogen. 2) Novel photo-reactive 
electrospinning to produce an electrospun elastomeric mesh scaffolds via optimized ES 
parameters. Scaffolds produced from both processes were compared via different 
characterization techniques. Finally, this study was concluded with in vitro 
investigation of the cytocompatibility and cell scaffold interaction assessment using 
H9C2 cardiomyoblasts and adipose derived mesenchymal stem cells. 
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Chapter 2: Materials and Methods 
2.1 Materials 
2.1.1 Materials used for chemical synthesis and characterization 
Tricarballylic acid (TCA), 1, 10-decanediol, stannous 2-ethylhexanoate, Triethyl amine 
(TEA), 2,2-dimethoxy-2-phenylacetophenone and Polyvinylpyrrolidone (PVP), 
absolute Ethanol, 4-dimethylamino pyridine (DMAP) and phenolphthalein were all 
purchased from Sigma-Aldrich Chemie GmbH, Germany. Acryloyl chloride 
Lichrosolv® Acetone, Acetic anhydride, Pyridine, Hydrochloric acid (37%) and 
Chloroform were purchased from Merck, USA.  All chemicals were used as received 
without any further purification.  
2.1.2 Materials used for in vitro cytocompatibility studies 
Gibco® RPMI (1640) Fetal bovine serum, L-Glutamine 200mM (100X), 2-
Mercaptoethanol (50mM) and Live/Dead® Viability/Cytotoxicity assay kit for 
mammalian cells, Dulbecco modified eagle’s medium (DMEM) and Gibco® F-12 
Nutrient Mixture were purchased from Life Technologies Co., Invitrogen, UK. 
Penicillin- streptomycin and Dulbecco’s phosphate buffered saline (DPBS) were 
purchased from Sigma-Aldrich Chemie GmbH, Germany; DAPI (4′, 6-diamidino-2-
phenylindole) for nucleic acid staining was purchased from Thermo-Fisher scientific, 
USA. Lonza Trypsin/ EDTA (10X) was purchased from SLS life sciences Co. UK. All 
were used without further purification.  
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2.2 Poly (Diol co-tricarballylate) co polymer synthesis 
2.2.1 Prepolymer synthesis 
Synthesis of the pre-polymer is illustrated in Figure 2 and a diagrammatic illustration 
of the equipment setup is shown in Figure 3. Poly (diol co-tricarballylate) pre-polymer 
(PDT) was prepared by adding 7.05 gm (0.04 mol) of Tricarballylic acid (TCA) and 
11.3 gm (0.065 mol) of 1, 10 Decanediol in a three necked 100 ml round bottom flask 
supplied with argon inlet, condenser and a magnetic stirrer. The flask was placed in an 
oil bath and heated at 140-150 oC. In the meantime, Stannous-2-ethylhexanoate (1 x 
10-4 mol) was added as a catalyst and the reaction was allowed to proceed for 
45minutes. Afterwards, the reaction was continued under vacuum for 35 minutes to 
remove the water formed by the condensation reaction. The flask was removed and left 
to cool down over night. After that, the pre polymer was dissolved in chloroform, which 
was then filtered. Finally, the polymer was left to dry under the hood until the 
chloroform was removed. Another preparation of higher molecular weight was 
prepared by the same procedure with slight modifications in the reaction time and 
temperature. 
2.2.2 End group Analysis 
Catalyzed acetylation was used to determine the millimoles of hydroxyl end groups per 
one gram of the prepolymer (152). This was done to calculate the required amount for 
the acrylation reaction. In two separate volumetric flasks, a 2% w/v 4-dimethylamino 
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pyridine solution in pyridine and a 25% v/v of acetic anhydride in pyridine was 
prepared.  
 
Figure 2. Schematic representation of the synthesis, acrylation and UV curing of the acrylated 
PDT polymer 
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Afterwards, in a 250 ml conical flask 1 gm of the prepolymer was dissolved in 1 ml of 
pyridine. This was followed by the addition of 2 ml of the prepared acetic anhydride 
solution and 5 ml of the 4-dimethylamino pyridine (DMAP) catalyst solution.  
Figure 3. Schematic diagram of pre-polymer synthesis  
 
The flask was covered and placed in a water bath at 50 oC for 20 minutes. Then 25 ml 
of distilled water was added to the mixture where a white color was observed. To 
complete the experiment, two blanks were prepared; the normal blank which contained 
the same constituents of the analyte flask without the prepolymer and the acid blank 
flask, which contained 1 gm of the prepolymer dissolved in pyridine and 25 ml of 
distilled water to exclude the interference of the unreacted tricarballylic acid. Then two 
drops of 1% phenolphthalein as indicator (1% w/v of phenolphthalein in 70% ethanol) 
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were added. The analyte flask, blank flask and acid blank flask were titrated against 0.5 
M sodium hydroxide solution till the first persistent faint pink color was formed, 
representing the end point. The equation used for the calculation was as follows:  
Milli moles of OH/ gm of pre-polymer= N [(Vb+Va)-Vs) 
Where N is the solution used, Vb is the volume of titrant consumed by the blank, Va is 
the titrant volume consumed by the acid blank and Vs is titrant volume consumed by 
the sample. 
2.2.3 Acrylation of the pre-polymer  
Acrylation was performed using Acryloyl Chloride (ACRL) to react with OH terminal 
of the prepolymer in presence of DMAP as a catalyst and Triethylamine as a scavenger 
for the resultant hydrochloric acid. Figure 1 shows the synthesis and acrylation scheme 
used that was reported previously (149). In a 100 ml three-necked, round bottom flask 
supplied with an argon inlet, a magnetic stirrer and placed in an ice bath at 0 oC, PDT 
pre-polymer was dissolved in 20 ml of acetone. This was followed by the addition of 
equimolar amounts of TEA and the catalyst DMAP. Afterwards, dropwise addition of 
ACRL (2 mol) was performed then the reaction was left at room temperature overnight 
under argon. Next, the mixture was filtered and left under the hood to allow acetone 
evaporation. The acrylated polymer was then purified by dissolving in chloroform and 
washing 3 times with 10 mM HCL solution to remove excess TEA, TEA-HCL and 
ACRL from the acrylation reaction. The purified polymer in the chloroformic layer was 
then mixed with 0.2 gm of magnesium sulfate to remove excess water and then it was 
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filtered and left to dry under the hood. Table 2 lists the amounts used from each of the 
reaction constituents. 
 
 Table 2. Different reaction compositions of the APDT polymer 
 
 
2.3 Scaffold production by conventional solvent-free particulate leaching process 
Trehalose dihydrate was sieved into a defined particle size as reported in Table 3 using 
Retsch AS200 (Retsch, Germany) Sieve.  As shown in Figure 4, APDT was added in 
an Eppendorf tube with 1µL of photo initiator (2, 2-dimethoxy-2-phenylacetophenone 
in acetone, 20% w/v) and mixed by a spatula followed by the addition of trehalose. 
Ingredients were mixed again until a paste is formed. The whole mixture was 
transferred into the middle of a petri dish. Afterwards, the cover of the petri dish was 
placed upside down to spread the paste into a disc. The petri dish containing the disc 
paste was placed under UV light of 100 watts and 365nm wavelength (Blak-Ray, UVP-
Canada) for 10 minutes for each side of the dish for homogenous crosslinking. 
Formulation PDT (gm) TEA (ml) DMAP (mg) Acryl (ml) 
Low molecular weight 6 1.3 6 1.6 
High molecular weight 6 0.9 6 1.1 
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Afterwards, the upper cover was removed slowly, followed by filling the Petri dish 
with deionized water for 5 min and the disc was removed slowly by a spatula. A blank 
2D scaffold was prepared using the same procedure but without the addition of TH 
particles to be used as a control. Scaffolds were immersed into 1500 ml of deionized 
water (Milli-Q Direct, Millipore, USA) for 4 days with mild stirring. The scaffolds 
were then allowed to dry under the hood for 24 hours to remove any traces of water.  
 
 Table 3. Different porogens used with their pore size and concentration. 
 
 
 
 
2.4 Scaffold production by electrospinning of the acrylated polymer 
The electrospinning solution was prepared by dissolving APDT in ethanol in a sealed 
glass vial using a magnetic stirrer until a clear solution was obtained. This was followed 
by the addition of PVP with continuous stirring until the solution became clear again. 
The ideal preparation composition was: 20% (w/v) APDT, 8% (w/v) PVP 1300 kDa in 
ethanol. The solution was vortexed and stirred till homogeneity is achieved. 
Afterwards, 0.1 gm of the photo initiator, 2, 2-dimethoxy-2-phenylacetophenone was 
Porogen Particle size Concentration 
NaCl 250<X<500 µm  70% w/w 
Trehalose 250<X<500 µm 70% w/w 
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added and allowed to dissolve. The solution was transferred into a syringe supplied 
with an electrospinning needle of size 23 G.  As shown in Figures 5 and 6, the syringe 
was placed in a syringe pump (Nabond-China). The needle was then connected to one 
of the electrodes of a power supply that generated the voltage difference between the 
needle and the grounded collector. ES fibers were collected on a flat-grounded collector 
using the shadow collection method. 
 
Figure 4. Schematic diagram for scaffold production via salt leaching 
 
Where the top of the aluminum foil is bent forward so that the fibers are hung between 
the bent part and the body of the aluminum foil. Finally, since this is a photo-reactive 
electrospinning process, in situ crosslinking was performed by placing a UV lamp of 
200 watts (Neo pro, Nabond- China) at a distance 20 cm from the collector. The 
parameters of the ES process using the Neo Pro ES machine ( NaBond-China) were as 
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follows: Voltage difference of 17-22KV, tip to collector distance (TCD) of 18cm, UV 
lamp was placed 10 cm away from the polymer jet, flow rate was 10ml/hr for 30 
minutes. The ESS was left under UV for 20 minutes after ES to guarantee full 
crosslinking of the polymer. ES was also attempted on APDT polymer without a 
solvent. This was performed as follows: The APDT polymer was placed directly in a 
syringe with 20 l of 2, 2-dimethoxy-2-phenylacetophenone (20% w/v in acetone). ES 
parameters were: 8G needle, flow rate of 3ml/hr, 22-25KV voltage, TCD of 15cm, 2 
UV lamps each of 500 watts (NaBond-china). Flat collector was used for this process 
as well. Finally, a control scaffold made of ES polycaprolactone in a 3:1 ratio of 
methanol to chloroform solvent system was produced and used for mechanical 
properties comparisons. ES parameters were: Voltage of 10-12 KV, Flow rate of 2 
ml/hr, TCD 25 cm, a 23 G needle and a flat collector for 20 minutes. 
Figure 5. Illustrative diagram of photo-reactive electrospinning device 
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2.5 Characterization 
2.5.1 Chemical and thermal characterization 
2.5.1.1 Fourier Transform Infrared 
Fourier transform infrared (FTIR) was performed on prepolymer, acrylated polymers 
PVP and ES meshes at room temperature using Jasco FT/IR 4200 (Jasco Inc., Japan) 
equipped with attenuated total reflection unit (ATR pro 470-H). The spectra were 
collected with a resolution of (16cm-1) over the range of wavelengths from 4000-
400cm-1 on a scan number 32 using DLA-TGS detector. 
 
 Figure 6. Basic setup of the reactive electrospinning machine. (Left side) the machine, (upper 
right) the electrospinning chamber and (bottom right) the magnified image of the electrospun 
fibers flowing from the needle to the collector.  
 
64 
 
2.5.1.2Proton Nuclear Magnetic Resonance 
Proton nuclear magnetic resonance (1H-NMR) analysis was done on the PDT 
prepolymer and the APDT acrylated polymer on a Bruker Ascend 600 MHz NMR 
spectrometer (Bruker Co., Germany). Sample was dissolved in chloroform-d 
((CD3)2CO) with 0.1% v/v trimethylsilane (TMS) in 5 mm NMR tubes. Chemical shifts 
for the spectra were compared to TMS (0.00 ppm) as the internal reference. The degree 
of acrylation was calculated using the peak integration of the methylene group protons 
and those of the terminal carbons next to the OH group of the prepolymer and vinyl 
group in the acrylated ones. 
2.5.1.3 Gel permeation chromatography/ Size Exclusion chromatography 
Molecular weight and molecular weight distribution of the synthesized pre-polymer 
were determined using Viscotek GPC max VE2001 gel permeation chromatography 
(GPC)/ size exclusion chromatography (SEC) system (Viscotek, Malvern instruments, 
UK). The GPC max was equipped with triple detector array TDA 305 multiple 
detection composed of a refractive index (RI) detector, right angle and low angle light 
scattering detectors (RALS/LALS) a viscometer and UV detector. The column setup 
composed of general purpose aqueous column set of a single pore size column (T6000, 
org GPC/SEC col, 300x 8 mm, exclusion limit 20,000 kDa), two single pore size 
columns (T1000, Org GPC/SEC col, 300 X8mm, exclusion limit 1500Da) and one flow 
injection polymer analysis (FIPA) non-polar organic column (H100-3078, 100X 
7.8mm). As for the mobile phase, the polymer sample was dissolved in analytical grade 
acetone at a concentration of 20mg/ml the flow rate was 1ml/min and the injection 
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volume was 100 microliters at 35oC. Molecular weight determination was performed 
using dn/dc of 0.954ml/g and the data was collected and analyzed using OmniSEC 5.02 
software package. 
2.5.1.4 Differential Scanning Calorimetry 
Thermal properties of the prepolymer, PVP powder, PVP ES fibers and PVP/ APDT 
ES fibers were analyzed using Differential Scanning Calorimetry (DSC-8000) analysis 
with liquid nitrogen intracooling system (Intracooler II). The heating rate was 10 
oC/min. The samples were cooled down to -70 oC and then heated up to 300 oC to record 
the DSC. This was done to provide the same thermal history. 
2.5.2 Morphological analysis  
2.5.2.1 Scanning Electron Microscopy, fiber diameter and pore size analysis 
Scanning Electron Microscope (SEM) (Bruker-USA) and Nikon eclipse 
(LV100NPOL) polarizing microscope (Nikon, Japan) were used to examine the 
structure and surface morphology of both the ES fibers and the discs produced by 
particulate leaching. SEM was performed on gold sputter coated samples to improve 
the sample conductivity. Polarizing microscope was also used especially during the in 
process monitoring of ES. A glass slide was placed on the collector and left for one 
minute to allow the fibers to deposit on the slide. The slide was then placed under the 
microscope and a series of magnifications was used to obtain the results. Average fiber 
diameter and pore size were calculated using the NIH approved ImageJ software for 
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image analysis. The calculation was performed by measuring 25 fibers and pores 
respectively. Results were reported as mean ± SEM (n=3). 
 2.5.2.2 Solvent resistance 
The ESS were placed in different solvents to make sure that the fibrous structure is 
maintained and hence testing their suitability for different biomedical applications. ESS 
were placed in water and ethanol for 24 hours then left to dry for 24 hours. 
Morphological analysis using SEM was performed to check the structure after 
immersion. 
2.5.2.3 Porosity calculation 
The porosity of the produced scaffold was calculated using the liquid intrusion method. 
The weight of the dry scaffold is measured then it was placed in ethanol for 24 hours. 
Afterwards, the scaffold surface was wiped gently to remove excess ethanol and then 
it was weighed. Porosity was calculated using the following equation: 
ε = VETH/ (VETH+VAPDT) 
Where: VETH is the volume of ethanol absorbed by the scaffold into the pores. It was 
calculated by dividing the change in scaffold mass after immersion in ethanol and the 
density of ethanol (0.789 g/cm3). VAPDT is the volume of the dry scaffold fibers and it 
was calculated as the ratio between the weight of the dry scaffold and the density of 
TCA.  
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2.5.3 Tensile testing 
Tensile testing was done using Instron 3343 single column table frame (Instron Co., 
USA) equipped with 1 N load cell as in Figure 7. The ES meshes were cut into 
rectangular shape and placed between the grips of the machine at room temperature. 
The samples were pulled at a rate of 1 mm/second until break. Mean ± standard 
deviation, percent elongation and young’s modulus were calculated using Bluehill 
management software at n=5. Young’s modulus was calculated from the initial slope 
of the stress strain curve. The crosslinking density was calculated according to the 
theory of rubber elasticity using the equation:  ρx = E/ 3RT. Where ρx is the number of 
active network chain segments per unit volume (mol/m3), E is the young modulus in 
Pascal and R is the universal gas constant (R=8.314 J/mol K) and T is the absolute 
temperature in kelvin. 
Figure 7. Tensile tester machine setup 
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 2.5.4 Contact Angle measurement 
The Contact angle for the ES meshes was measured using DSA25 goniometer (Krüss 
GmbH, Germany) provided with a microsyringe with a PTEF needle with diameter of 
0.5mm. The drop shape was analyzed using sessile drop method on a drop of purified 
water, 10 microliters in volume dispensed from the PTEF needle. After the drop and 
the mesh surface came in contact, a digital camera captured the drop shape in 5sec., 
and the drop contour was mathematically represented by Young Laplace equation. 
Contact angle was calculated as the slope of contour line at the three-phase contact 
point. Five measurements were taken for different sites and the data was represented as 
mean ± SEM. 
2.6 In Vitro cytocompatibility Studies 
 2.6.1 Cell Isolation 
Collagenase digestion (153) was used to isolate human adult subcutaneous adipose 
tissue-derived stromal vascular fraction (SVF, n=3, passage 2-5). The SVF pellet was 
cultured in T25 culture flask (BD falcon) in stromal medium composed of high glucose 
DMEM-F12 (1:1), 10% FBS, 1% Pen/Strep, and maintained in at 37 °C with 5% CO2 
until confluence. The cells were passaged, as necessary Immunophenotyping of 
preadipocytes was performed using anti-human antibodies: CD31-FITC, NG2-PE, 
CD166-PerCP-efluor, CD105-APC, CD45-Alexa flour 700, .CD11b- Brilliant Violet 
421, CD73- Brilliant Violet 605 (all from R&D Systems). Sample processing was 
performed using FACSCanto II flow cytometer (BD Bioscience) and analyzed with 
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FlowJo Software (Treestar). H9C2 myoblasts - a clonal cell line obtained from the 
embryonic heart tissue of rats- were obtained from the European Collections of Cell 
Cultures (ECACC) and were cultured using the same media and conditions. 
 2.6.2 Cell seeding 
H9C2 myoblasts were seeded in 48 well plates (BD Falcon) with seeding density of 
30,000 cells/well in 300 l of media. MSCs from three different patients were seeded 
in tissue culture treated 48 well plates with seeding densities in Table 4. Cells were 
incubated and allowed to attach for 24 hours before scaffold addition.  
Scaffolds were cut as discs using biopsy punches with unified diameter and were 
sterilized by the immersion of the scaffolds in 70% ethanol for 10 minutes. This was 
followed by washing the scaffolds three times with PBS solution to remove any traces 
of ethanol. Scaffolds were added in three technical replicates and incubated for 24 and 
48.  
 
Table 4. Seeding density of mesenchymal stem cells from each replicate 
 
Patient (n) Cell density (Cells/well) 
1 1800 
2 6300 
3 3300 
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2.6.3 In-vitro quantitative cell viability assay: 
Cells were fixed by adding 30 µl of 38% formaldehyde to the media in each well and 
leaving it for 15 minutes. The media was then discarded and replaced by 150 µl of 0.2% 
DAPI in DPBS staining solution for 10 minutes. Afterwards, the staining solution was 
removed and replaced by 300 µl DPBS. The plates were scanned using ArrayScan™ 
XTI live high content platform (ThermoFisher Scientific, USA) equipped with Zeiss™ 
Axio Z1 Observer microscope and Zeiss Definite Focus Hardware Laser-Autofocus. 
Cell number was assessed by automated quantitation of DAPI positive nuclei using 
target activation module. Images were taken for 20 fields per well and the Image 
analysis and cell counting was performed by HCS Studio™ Cell Analysis Software. A 
sample of image analysis with and without selection of DAPI positive nuclei is shown 
in Appendix 4.  
 2.6.4 Cell/ scaffold interaction 
Sterile scaffolds were placed in two plates; one is an ultra-low attachment (non-tissue 
culture treated) (Thermoscientific, USA) and the other is tissue culture treated (BD 
Falcon) plates. Cells were added directly to the scaffolds at a seeding density of 1X104 
cells/scaffold and were allowed to attach for 2 hours under 5% CO2/ air atmosphere at 
37 oC. Afterwards, proper volume of culture media was added to the wells and was 
changed every other day for a total of 14 days. At the end of the incubation period, cells 
were stained using Calcien-AM from the LIVE/DEAD® viability/ cytotoxicity assay 
kit to stain living cells attached to the scaffold. Fluorescent images were taken using an 
inverted microscope with a monochrome digital camera using 5x magnification (Carl 
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Zeiss Micro-Imaging, New York, USA) Cell viability was assessed visually and 
compared to control. 
2.7 Statistical analysis: 
All values were reported as mean ± SEM. Statistical analysis was done using 
independent t-test for fiber diameter and pore size analysis and ANOVA for cell 
viability using SPSS software. Results were considered statistically significant at 
P<0.05. 
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Chapter 3: Results and Discussion 
Our main aim was to design scaffolds from APDT prepolymer utilizing UV light 
through PRES. First, the pre-polymer was synthesized from tricarballylic acid and 
excess decane diol via condensation reaction. The reaction was carried out under argon 
followed by vacuum to remove the produced water. To synthesize the low and high 
molecular weight variations of the pre-polymer, we diversified the reaction temperature 
(130- 160 oC), the argon interval (10-45 minutes) and the vacuum interval (35-75 
minutes). The optimized reaction with the best viscous yet flowing pre-polymer was 
achieved at a temperature range of 140-150 oC, argon interval of 20 minutes and 
vacuum interval of 50 minutes. When the temperature, argon or vacuum intervals were 
increased slightly above these conditions, the polymer changed into its rubbery state 
due to extensive thermal crosslinking. The produced pre-polymer was of slight yellow 
color. The pre-polymer was then dissolved in chloroform followed by filtration to 
remove any excess unreacted residues. 
The second step involved the acrylation of the pre-polymer where the terminal 
hydroxyl groups were converted into vinyl groups to prepare it for further crosslinking. 
Both the acrylated and the non-acrylated preparations were soluble in most organic 
solvents as ethanol, chloroform, acetone, and methanol but formed a colloidal 
dispersion with water that was white in color. 
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3.1 Chemical and thermal characterization 
3.1.1 Molecular weight Measurement 
The molecular weight (MWt) and molecular weight distributions of the pre-polymer 
using GPC are reported in Table 5. Variations of MWt  have been prepared by varying 
the conditions of the pre-polymer condensation reaction to vary the thermal 
crosslinking degree. As expected, the measurements showed that the variation in the 
reaction conditions changed the MWt of the pre-polymer. This is because the increase 
in time and temperature of the reaction supplied the monomers with the needed energy 
and time to allow more thermal crosslinking reaction between the carboxylic and 
alcoholic groups forming longer chains. The highest MWt the prepolymers reached 
while still flowing freely was 5190 Da. At that MWt, the viscous portion was still 
exceeding the elastic portion and hence, it was still in a liquid state. When the MWt 
reached a higher value, the prepolymer crosslinked to a rubbery state in which the 
elastic portion exceeded the viscous portion. Moreover, the extensive reaction lead to 
the consumption of most of the hydroxyl groups, which made the pre-polymer flow 
poorly and further acrylation could not be performed easily. In addition, end group 
analysis of both the high and low MWt variations of the prepolymer was conducted 
and was reported in Table 4. This was necessary to determine the amount of terminal 
hydroxyl groups, which corresponded to the optimum amount of acryloyl chloride, 
needed for successful acrylation. It was also important to adjust the degree of acrylation 
and hence to ensure successful crosslinking through the added vinyl groups. 
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Table 5. Molecular weights, molecular weight distribution and the determined hydroxyl end 
groups of different pre-polymer variations determined via GPC. 
Formula Mw Mn Mw/Mn OH (mmol/gm) 
Very high molecular 
weight 
6542 6104 1.072 -- 
High molecular weight 5190 3657 1.419 1.1 
Low molecular weight 3538 1031 3.4 1.6 
Very low molecular 
weight* 
1366 1090 1.25 2.7 
* Data were reported by our group (149) 
 
3.1.2 Fourier Transform Infrared Spectroscopy (FT-IR) 
Figure 8 shows the FT-IR spectra of the PDT prepolymer and the crosslinked APDT. 
As shown, a broad band appeared at 3600-3400 cm-1 that was indicative of the hydroxyl 
stretching vibrations. In addition, C-H stretching bands at around 2900-2800 cm-1. The 
sharp absorption band at 1730 cm-1 was attributed to the ester carbonyl group. The 
bands between 1000-1300 cm-1 represents the vibrations of C-O stretching. After 
crosslinking, The broad at 3600-3400 cm-1 corresponding to the hydroxyl group almost 
disappeared and two new bands at 1630 and 815 cm-1 appeared corresponding to 
CH2=CH2. Those two small bands are indicative of the successful incorporation of the 
acryloyl terminal moieties. However, the band areas were very small due to the 
consumption of most of the acryloyl moieties during the free radical polymerization 
reaction when crosslinking occurred. To primarily analyze the change in the amount of 
the hydroxyl groups with changing the MWt of the pre-polymer, the ratio between the 
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areas under the bands of hydroxyl group to that of the carbonyl group was determined. 
Table 6 reports the ratios between both band areas (OH group band area/ CO band 
area). 
 
Table 6. Band ratio of hydroxyl group and carbonyl group for high and low molecular weight 
variations of the pre-polymer 
 
 
 
Figure 8. FT-IR Spectra of PDT. (A) Low molecular weight (3538 KDa) prepolymer, (B) 
High molecular weight prepolymer (5190 KDa) and (C) crosslinked elastomer. 
 
Molecular weight band ratio( A( OH)/A( CO)) 
High Molecular Weight (5190 KDa) 0.2 
Low Molecular Weight (3538KDa) 0.42 
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3.1.3 Differential scanning calorimetry (DSC) 
DSC analysis was performed to analyze the thermal characteristics of PDT before and 
after crosslinking as well as after reactive electrospinning. This was done to detect the 
effects of UV crosslinking as well as electrospinning on the polymer. As shown in 
Figure 9, PDT prepolymer showed a crystalline structure arrangement with a melting 
point of -3 oC and a glass transition temperature (Tg) of -36 oC. After acrylation, the 
vinyl group introduction at the terminals of the prepolymer caused a restriction in the 
chains movement preventing them from rearrangement and resulting in an increase in 
Tg to -26 oC. This restriction was intensified after UV crosslinking due to increased 
structural stiffness upon the change from liquid state to elastomeric state. PVP was 
reported to have a melting point larger than 130 oC.  It showed no melting endotherm 
for up to 180 oC indicating its amorphous structure as shown in Figure 10. 
Consequently, after PRES the ESS preserved their amorphous structure with no effect 
resulting from PVP addition. We also electrospun PVP in ethaol and subjected the PVP 
ESS to heating up to 180 oC as reported Appendix 2. Results showed amorphous 
behavior as well, which confirmed that PVP was incorporated in the scaffold after ES 
and had no effect on the molecular arrangements. 
3.1.4 Proton Nuclear Magnetic Resonance (1H-NMR) 
Figure 11 shows the 1H-NMR spectra for the pre-polymer and the acrylated pre-
polymer. As shown in the Figure 11A, peak (a) represents protons of the methylene 
groups of the 1, 10 decanediol that appeared at 1.35 ppm. The protons of the pre 
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terminal carbon of the diol were represented by peaks (b) and (c) at 1.5 ppm and 1.6 
ppm respectively. 
 
Figure 9. DSC Thermograms of PDT before and after acrylation and crosslinking  
 
Figure 10. DSC Thermograms of electrospun ADPT and PVP powder 
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Protons next to the pro-chiral center of TCA were embodied by peaks (d) and (e) at 
2.65 ppm and 2.75 ppm respectively, while the peak (f) at 3.2 ppm signified the protons 
of the pro-chiral center of TCA. As for protons of the diol’s terminal carbon (adjacent 
to the hydroxyl group) and protons of the carbon attached to the ester bond, they were 
seen as peaks at 3.5 ppm (g) and 4.05 ppm (h) respectively.  The acrylation process was 
proven successful upon the appearance of the three peaks at 5.8 (j), 6.1 (k) and 6.4 ppm 
(m) representing the newly introduced vinyl group in figure 12B. It is worth mentioning 
that for more accurate and exact peak assignment; two-dimensional NMR analysis 
would be advantageous but not very essential to ensure the successful acrylation of the 
prepolymer and for the determination of the degree of acrylation. 
3.2 Morphological Analysis 
The main objective of this current work was to synthesize 3D porous scaffolds to be as 
potential candidates for tissue engineering applications. Three types of scaffolds were 
synthesized: The first two were using solvent free particulate leaching using trehalose 
dihydrate as a porogen that was never used before, while the second was using sodium 
chloride as a conventional reference scaffold. The third type was using the PRES 
process to utilize its unique advantages to produce a highly porous scaffold for the same 
purpose. 
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Figure 11. H-NMR spectra of (A) PDT and (B) APDT 
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3.2.1 Solvent-free particulate leaching 
Figure 12 shows SEM images of ESS produced by particulate leaching. As shown in 
the figure, scaffolds produced using NaCl as a porogen were of very low porosity 
compared to the ones using TH. This was because it was difficult to leach out all NaCl 
particles and residual crystals existed within the matrix even after the leaching out 
period as shown in Figure 12 G, H. The inner part of the scaffolds and the surface of 
all scaffolds were porous compared to the blank film. In addition, the scaffolds where 
TH was used as a porogen, showed a relatively higher porosity without any TH visible 
traces after leaching out. This is advantageous in TE applications as it creates higher 
surface area with suitable controlled sizes for cell seeding, growth and nutrient 
exchange between the surrounding media and the seeded cells. However, one of the 
disadvantages of particulate leaching is that the size of the interconnected pores is hard 
to control no matter how the size of the porogen particles was the same.   
3.2.2 Solvent free Electrospinning  
At the beginning, we attempted direct electrospinning of APDT polymer using solvent 
free reactive ES. The attempt with the low molecular weight variation (3538KDa) was 
not successful and only liquid drops were obtained. However, upon using the high 
molecular weight variation, different outcome was obtained. Figure 13 represents 
optical microscope images of that attempt with and without UV crosslinking during the 
ES process.                                                                         
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Figure 12. SEM micrographs of porous APDT scaffolds produced by particulate leaching using 
different porogens with low and high magnification. (A, B) Blank film, (C, D) Trehalose, (E, 
F) NaCl, top view, (G, H) NaCl, side view  
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As seen, UV crosslinking lead to certain degree of structural preservation of the formed 
fibers than those of the non-UV crosslinked, which were more of viscous liquid 
splatters, rather than elastomeric fibers. However, the fibrous structure was lost with 
time as the ES process progressed. This was attributed to the very low molecular weight 
of our polymer relative to other electrospinnable materials, which corresponded to very 
low viscosity and a low degree of chain entanglement. In addition, the hydrophilic 
nature of our polymer lead to more humidity absorption from the atmosphere, all are 
factors that lead to the fusion of any formed fibers soon after hitting the collector. This 
was in agreement to what was reported before by Xu et al. who concluded the 
importance and advantages of using high molecular weight polymer such as PVP 1300 
kDa to act as a chain entanglement enhancer to preserve the fibrous morphology of the 
ESS  sufficient for successful crosslinking and fiber fusion prevention. (60) 
 
 
 
Figure 13. Optical microscope images for solvent free electrospun APDT. (A) Without UV 
crosslinking and (B) After UV crosslinking 
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3.2.3 ADPT Electrospinning with PVP as Chain Entanglement Enhancer  
Two PVP molecular weights were used: PVP 90 kDa (PVP90) and PVP1300 kDa 
(PVP1300) mixed with different concentrations of ADPT polymer in ethanol. Ethanol 
was used because it was a suitable solvent to all solution components, PVP showed 
acceptable solubility with it, it gave the best bead-less fibrous structure during ES of 
PVP with a narrow fiber distribution compared to other organic solvents and it had a 
high dielectric constant that will aid in the ES process (62,154). In addition, it did not 
evaporate rapidly causing the breakdown of the polymer jet during ES and hence 
suppressing the fiber formation process. 
3.2.4 Effect of UV crosslinking and collection method  
At first, we used PVP 90K as an entanglement enhancer. Figure 14 shows the difference 
between UV and non-UV exposed meshes. This was done to make sure that our 
polymer and not PVP was influencing the formation of ES fibers. As expected, no 
fibers or scaffolds were formed without UV exposure. This was because our polymer 
will not convert into elastomer and will stay as viscous liquid without UV crosslinking. 
On the other hand, exposure to UV eventually formed a scaffold and started to slightly 
define the structure of the fibers with minimal amount of pores. However, optimization 
of the concentration of both the ADPT and PVP was required to obtain the porous 
fibrous mesh structure. At that stage, we made several attempts to collect the ES fibers. 
The flat and rotating metallic collector caused the fibers to fuse shortly after contacting 
the collector. This occurred due to the non uniform exposure of the deposited fibers to 
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UV light. Hence, the shadow collection method was used to expose the fibers to UV 
for longer period of time, increasing the degree of crosslinking and lowering the 
tendency of the fibers to collapse and fuse.  As shown in Figure 15, the aluminum foil 
was bent at its top so that fibers hung and were forced to be straight in between the bent 
side and the body of the collector. This shadow technique forced the formed fibers to 
stay separated from each other which sustained the porous structure long enough to 
increase the degree of crosslinking and prevent fiber fusion.  
 
Figure 14. SEM micrographs of APDT/PVP (A, B) without UV crosslinking, (C,D) with UV 
crosslinking 
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Figure 15. Macroscopic images after collection and crosslinking of APDT scaffold. (A, B) 
front and side view of the meshes on the collector. (C) Final scaffold.  
 
The collection method was efficient considering the available resources but it had its 
disadvantages. One was the low yield as the part of the scaffold that could be separated 
was only the hung part. We believe this could be overcome upon the use of the open 
cage collector that will utilize all the electrospun solution, ensure full exposure of the 
fibers to UV and would produce aligned fibers (155). 
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Another limitation was the probability for non-uniform exposure to UV along the 
duration of ES process. This was overcome by exposing the scaffolds to UV for 20 
minutes after the end of ES process. 
3.2.5 Effect of polymer concentration on fiber formation 
To optimize the fiber formation process, ideal combination of concentration of 
ADPT/PVP in the solution had to be concluded. Theoretical entanglement 
concentration for PVP was calculated previously to be 7.5% W/V of PVP in ethanol. 
However, their experiments showed an ideal concentration that formed bead-less fibers 
at 7-9%w/v (154). In our case, 8% PVP concentration gave the optimum viscosity and 
lead to bead-less fiber formation. 
Several trials were conducted to optimize the ADPT concentration, which was found 
to be 20 % (w/v) . As shown in Figure 16 below this concentration, fiber fusion 
tookplace. This may be due to insufficient ADPT for a proper degree of crosslinking 
enough to prevent fusion.  
Above 30%, very fast crosslinking took place for the polymer droplet on the tip of the 
needle, which lead to needle clogging. The 20% (w/v) APDT concentration was the 
optimum that produced porous mesh without blocking the needle. 
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Figure 16. SEM micrographs of electrospun APDT with 8% PVP (w/v) PVP90kDa at different 
APDT concentrations with UV crosslinking. (A, B) 10%, (C, D) 20% (E, F) 30%.  
 
A possible solution to this problem would be wrapping the needle with a UV blocking 
material to only expose the polymer stream to UV and not the tip of the needle or the 
liquid drop at the tip. 
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3.2.6 Effect of PVP molecular weight and acrylation degree on fibrous structure 
All previous experiments were conducted using a 1.5x degree of acrylation. In order to 
examine the effect of increasing the degree of acrylation on the fibrous structure, 
acrylation degree was increased to twice the amount of terminal hydroxyl groups. 
When ES was attempted using PVP 90, a porous fibrous mesh was produced as shown 
in Figure 17. This was due to the higher acrylation degree, which increased the number 
of terminal double bonds that elevated the crosslinking degree and hence guaranteed 
faster, more efficient crosslinking, less fiber fusion and more structural integrity. Other 
studies have reported the use PVP1300 as an entanglement enhancer which aided in the 
successful formation of fibers (60). We attempted using PVP1300 in our experiments 
as in Figure 17 (C, D). Porous mesh structure was formed but with significantly larger 
fiber diameter and smaller pore size than when PVP90 was used (Figure 17). This 
resulted from the increased viscosity of the solution as the molecular weight of the used 
PVP increased (58,59,156). The mesh fibers produced using PVP 1300 kDa was further 
used for in vitro studies since it was the one used to calculate the critical entanglement 
concentration reported before (157). 
All of the produced porous mesh scaffolds showed secondary fiber branching as 
demonstrated by the SEM micrographs that rendered our scaffolds resembling the 
spider net nanofibers reported earlier (158). This is due to the branching of the primary 
polymer stream into several secondary jets due to further instabilities within the straight 
jet or after Tylor cone (159). These secondary jets might give rise to beads or fibers 
depending on their stability upon responding the applied voltage. If those streams were 
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broken into droplets, beads were formed. On the contrary, to that, in our case, the 
unbroken secondary polymer jets formed fibers and were deposited on the collector 
causing the appearance of those branches of smaller diameter that stemmed from the 
main fibers (160,161). Further assessment of the structure using PVP of higher 
molecular weight (i.e. PVP 360 kDa) might prove useful to resolve this issue. However, 
polyethylene oxide (PEO) 5000,000 Da molecular weight was utilized in our 
experiments with a concentration down to 0.1% (w/v) but the viscosity of the solution 
was too high to be ejected from the needle. Another cause for the mesh structure might 
be the partial crosslinking of the droplet on the tip of the needle. This might have caused 
partial clogging of the needle tip leading to primary jet splitting. This might also explain 
the reason behind using high flow rate of 10 ml/hr below which the needle clogging 
occurred. This could be prevented in future studies by covering the needle and its tip 
with UV blocking film to only expose the jet in an attempt to study effect of variation 
of ES parameters on the fiber morphology.  
3.2.7 Porosity analysis 
The porosity and pore sizes of the scaffolds produced by ES and particulate leaching 
method were compared and reported in Table 7. As seen, all scaffolds were highly 
porous with porosities exceeding 70%. It was reported in previous studies that porous 
scaffolds produced via different methods with porosities of down to less than 30% 
porosities and more than 90% were used for various bone tissue engineering 
applications (162). 
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Figure 17. Scaffold morphological structure and analysis of APDT/PVP meshes with 2x 
acrylation degree at different PVP molecular weights. (Upper) SEM micrographs with PVP (A, 
B) 90KDa, (C, D) 1300KDa. (Lower) Average pore size (E) and Fiber diameter. Data were 
represented as mean ±SEM (n=5), * P<0.05 independent T-test. 
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However, pore size analysis revealed a difference between the three scaffolds. First, 
scaffolds produced by particulate leaching using NaCl as porogen showed the highest 
pore size (304.8 ±13.2µm) compared to the ones using TH ( 80.4 ± 6.4µm) although 
the former had less surface pores compared to the later as shown in Figure 13. 
Electrospun scaffolds showed the least pore size among all. The importance of the pore 
size, porosity together with fiber diameter appeared upon the assessment of cells 
interactions with the scaffold where an optimum combination of all factors should 
facilitate the cell attachment and growth in the 3D scaffolds. This is discussed later 
under the in vitro studies section. 
 
Table 7. Pore size and porosity analysis of different porous scaffolds. 
Data reported as mean ± SEM  
 
3.2.8 Solvent resistance 
Un-crosslinked ADPT is soluble in most organic solvents and it forms a colloidal 
dispersion in water. Upon UV crosslinking, it was converted into an amorphous 
structure that was hydrophilic, yet insoluble in most solvents. This is advantageous for 
Scaffold Pore Diameter (µm) Porosity  
TRE 127.97± 13.34 78% 
Na 314.47± 10.38 72% 
ESS 11.43± 0.78 78% 
92 
 
TE applications where the structural integrity of the scaffold is needed long enough for 
cell attachment, proliferation and differentiation. 
As shown in Figure 18, minimal changes occurred to the porous structure of the ES 
meshes upon immersion in ethanol and water for 24hours. This simulates and 
eliminates the effect of the sterilization conditions on the porous structure of the mesh 
scaffolds prior to in vitro testing. This was not necessary to be done for the other two 
scaffolds because during porogen leaching step, the scaffolds were immersed in water 
for several days to remove porogen particles. Therefore no major deviations in the 
porous structure were expected than from Figure 12 by default. 
3.3 Tensile testing 
Table 8 summarizes the results of the tensile testing performed on the electrospun 
scaffolds using PCL scaffolds as control in a dry state. PCL was chosen because it was 
widely used for the same area of application and was known to be the material of choice 
for tunable mechanical properties, alone or in combination with other materials (163). 
It was reported previously that mechanical stress enhanced bioengineered 
cardiomyocyte proliferation, intercellular organization and cardiomyocyte 
hypertrophy. The bioengineered human cardiomyocytes could contract autonomously 
with proper response to contraction. Moreover, when bioengineered cardiomyocytes 
were transferred into hearts of nude rats, they survived, engrafted onto the heart and 
were perfused by blood vessels of the host (164). 
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Table 8. Mechanical properties of different scaffolds 
UTS: Ultimate tensile strength 
Values are reported as mean ±Standard deviation (n= 5). Young’s modulus of rat myocardium 
is reported for comparative reasons (167).  
 
 
 
Consequently, the mechanical properties of the scaffolds should be suitable for physical 
support of the cells. It should also be lenient and flexible, possessing suitable tensile 
strength and young’s modulus to withstand and allow the conduction of impulses to the 
loaded cells through the myocardium. If both of these properties were high, this would 
cause resistance to the cardiac contraction and might constrain the heart relaxation. In 
Table 8, the ESS showed low young’s modulus compared to the PCL scaffold. 
 
Sample/ 
Parameter 
UTS (Mpa) Elongation 
(%) 
Modulus 
(Mpa) 
Crosslinking 
density (mol/m3 ) 
 
PCL control 
 
1.63 ± 0.32  
 
175.43 ± 22.74 
 
2.4 ± 0.79 
 
N/A 
 
ESS 
 
0.54 ± 0.24 
 
46.93 ± 11.93 
 
1.35 ± 0.34 
 
168.85± 29.43 
  
PDET (149) 0.14 ± 0.02 61.23 ± 5.83 0.33 ± 0.02 44.39 ±3.09 
 
Adult rat 
myocardium 
(167) 
         Right ventricle 0.02 ± 0.004   
Left ventricle 0.084 ± 0.008 
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Figure 18. SEM micrographs of UV crosslinked electrospun scaffolds after immersion in 
different solvents for 24 hours. (A, B) Ethanol, (C, D) water. 
 
This indicated the high elasticity which would enable the scaffold to withstand 
myocardial contraction and relaxation.  In addition, the length of the scaffold before 
and after breakage was the same. This was due to the elastomeric behavior of our 
crosslinked polymer that allowed full recovery upon deformation. This was contrary to 
PCL, which deformed after break indicating inability to retain its original geometry 
(165). On the other hand, when the ESS were compared to the non-porous 
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photocrosslinked films reported before by our group (149), there was a decrease in both 
the tensile strength and young’s modulus. This was attributed to the higher crosslinking 
degree for the ESS due to the higher energy of UV light than visible light used 
previously, which meant higher crosslinking efficiency. This indicates the ease of 
manipulation of the mechanical properties of our ESS to suit the purpose of use. This 
can be achieved by changing the degree of acrylation or the crosslinking degree by 
changing the intensity and time of exposure to UV light.  
3.4 Contact angle measurement 
Scaffolds used for TE applications are preferably hydrophilic to allow easy attachment 
of cells in a way resembling ECM. When contact angle was measured for our scaffold 
it was found to be 80o± 5.3 which indicated the moderately hydrophilic nature of our 
scaffolds. It was previously reported that cells preferably attach to polymers with 
intermediate contact angle of around 70o than lower or higher once (166). This 
indicated that our scaffold would be a potential candidate for TE. In addition, when the 
contact angle was measured at multiple time points, the contact angle was found to 
gradually decrease to a minimum of 30.4o as shown in Appendix 3. This might be due 
to the porous nature of the scaffold together with its hydrophilicity, where the droplet 
propagates through the scaffold decreasing the contact angle. This was a strong 
evidence of the hydrophilic nature of our scaffolds. 
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3.5 In vitro cell viability and cell/scaffold interactions 
3.5.1 Cell viability study using H9C2 cardiomyoblasts 
The main aim for producing the scaffolds was to utilize their characteristics to be used 
for cardiac tissue engineering applications. We used our three types of scaffolds to 
perform a series of tests to detect any indirect (i.e. Scaffolds are not in contact with the 
cells) cytotoxicity due to traces of toxic chemicals used in the original reaction (i.e. 
Acryloyl chloride, Triethyl amine…etc.) or any potentially toxic degradation products. 
H9C2 cardiomyoblasts were used to explore any indirect cytotoxicity from our 
scaffolds towards cells of cardiac origin. 
It was reported that H9C2 cells differentiated into cardiomyocytes by lowering the 
serum levels in the culture media. Hence, it can be utilized for cardiac tissue 
engineering applications (168). Both the average number of cells per field and percent 
of viable cells relative to control were analyzed. However, the percent viability was 
more accurate since the values were normalized to the control. This was the main 
reason behind reporting it here, while the average per field data are reported in the 
Appendix 5 and 6. 
When cell viability was assessed as in Figure 19, the percentage of viable cells for ES 
and TRE was 86.2 %± 11.01 and 85.7 % ± 8.8 percent viability relative to the 
polystyrene untreated control after 24 hours of incubation. As for NA scaffolds, the cell 
viability was 80.4% ± 13.7 compared to the control, which was the lowest among the 
three scaffolds. 
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Figure 19. H9C2 cell viability in presence of ES, TRE and NA scaffolds at 24 and 48 hours. 
(Lower) Images show the DAPI stained nuclei and (Upper) the number of nuclei of viable cells 
represented as percentages to untreated control. Cell number was assessed by automated 
quantitation of DAPI positive nuclei using ArrayScan XTI (Target activation module). Data 
presented as Mean ± SEM.  n=6 *Statistical significance: *P<0.05 compared to the control. 
 
After 48 hours, the percent viability of the ES, TRE, NA was 74.9 ± 15.2, 81.8± 9.5, 
75.67 ± 8.3 respectively. There were no significant differences between the three 
scaffolds relative to their controls at both time points. There were also no significant 
differences in cell viability between all scaffolds at a given time point.  
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3.5.2 Cell viability studies using adipocyte derived mesenchymal stem cells 
The effect of the scaffolds on adipose derived MSCs was also explored to examine the 
possibility of stimulating cell differentiation into cardiomyocytes directly on seeded 
scaffolds. This was aimed at widening the range of applications of our scaffolds to 
several other cell types for TE. Those cells composed mainly of MSCs as shown in 
Appendix 2 where MSCs markers were the triple positive cells at 80% (105, 166, and 
73). As shown in Figure 20, the percentage of viable cells after 24 hours was 75.2± 7.5 
and 64 ± 11.4 for ES and NA respectively, with no significant difference to the 
corresponding control. Interestingly, cell viability with TRE was the highest among all 
scaffolds as well as the corresponding control, which was significantly different when 
compared to ESS (P value=0.001) and NA (P value=0.0001). After 48 hours, values 
for ESS and NA scaffolds were significantly lower than the control at 65.96 ± 6.5 and 
66.2 ± 4.9 (P values were 0.039 and 0.041) respectively. Similarly, cell viability with 
TRE was significantly higher than cell viability with both ESS (P value=0.003) and 
NA (P value= 0.004). 
One of the main limitation for this cytocompatibility study is the different seeding 
density for each biological replicate for MSCs. This was due to their slow growth 
compared to H9C2 cells. This could be overcome future studies by incubating the cells 
for longer time to grow until reaching a higher degree of confluence. Another solution 
would be to increase the number of biological and technical replicates to avoid any 
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possible errors. The comparison between the cell viability for the two types of cells 
used revealed some interesting findings.  
 
Figure 20. Mesenchymal stem cells viability in presence of ES, TRE and NA scaffolds at 24 
and 48 hours. (Lower) Images show the DAPI stained nuclei (Upper) the number of nuclei of 
viable cells represented as percentages to untreated control. Cell number was assessed by 
automated quantitation of DAPI positive nuclei using ArrayScan XTI (Target activation 
module). Data presented as mean ± SEM.  n=3. Statistical significance: *P<0.05 compared to 
control and #P<0.05 compared with TRE. 
 
ES and TRE scaffolds had similar effects on H9C2 cells while it was different with 
MSCs. This signified the difference in cellular response to different scaffold 
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degradation products as well as chemical traces, where for one type, the cells survived 
while in the other, results varied. This opened the door for future studies to examine 
the effect of our ESS on different cell lines to be used for other TE applications. 
These results also showed that cell viability was slightly higher for TRE than ESS with 
H9C2, and significantly higher in case of MSCs.  This may be due to the possible 
existence of traces of TH. Trehalose is a disaccharide, which was reported recently to 
enhance cell viability and proliferation even during dehydrated conditions. It was also 
reported to increase the cell signaling proteins, the stress resistance proteins and other 
types of proteins that play a major role in cell proliferation (169).  In another report, 
trehalose played a role in the preservation of stem cells upon freezing even when 
introduced intracellularly by the aid of liposomes (170). However, other reports 
mentioned that trehalose by itself lacks the ability to penetrate the cells due to its large 
size (171). 
The choice of porogen concentration and particle size for TRE and NA was based on a 
qualitative cytocompatibility testing using live/dead assay on scaffolds with NaCl as a 
porogen of variable particle size and concentration (Appendix 7 and 8). The results 
showed that scaffolds produced with the largest particle size and concentration had the 
highest number of living cells. In addition to the theoretically high porosity and 
adjustability of pore size distribution, these were the reasons of choosing the specific 
particle size and concentration for the quantitative cell viability studies. 
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The culture media are generally replaced every other day to supply the cells with the 
needed nutrients and remove any waste. For that reason, it was expected that 48hours 
time point would have the highest concentration of any toxic traces or degradation 
products released from the scaffold, if any existed. We based our choice of the time 
points on the fact that this was the maximum period with no media change and hence, 
highest cell death would occur.  However, due to the special degradation behavior of 
our polymer reported previously (149), a study that correlates the concentration of 
degradation products versus cell viability would be a promising future study to detect 
the more significant cause of decreased cell viability. It is worth mentioning that 
constant media change would be the closest to the in vivo conditions. It is closely related 
to what exists in the human body where a homeostatic dynamic environment created 
by the blood circulation creates a constant supply of oxygen and nutrients with constant 
sink condition. Consequently, waste materials would be removed. 
3.5.3 Cell / scaffold interaction assessment 
The three types of unmodified scaffolds were seeded with H9C2 cardiomyoblasts and 
were incubated for 14 days in non-tissue culture treated well plate. At the end of the 14 
days, Calcein-AM staining was used to visualize the living cells. As shown in Figure 
21, H9C2 cardiomyoblasts successfully attached to both ES and TRE scaffolds while 
there was no attachment appearing on the NA scaffolds. Cells were observed to grow 
on different planes of view in both scaffolds, signifying the penetration of cells through 
the 3D structure of the scaffolds. However, the number of living cells was larger with 
an even distributed in case of the ESS while in case of TRE cells were more 
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concentrated on the peripheries. There are several reasons that could have caused this: 
First, the mesh structure of the scaffolds which facilitated protein pre-adsorption from 
serum more than the other scaffolds and hence allowed more cell attachment as 
reported earlier (165). Second, media change that removes any toxic traces, degradation 
products and dead cells allowing the living cells to grow more on the scaffold. Third, 
when normal tissue culture treated plates were used, cells preferentially attach to the 
plate rather than the scaffolds due to higher affinity. However, when non treated plates 
were used, cells attached easily and penetrated through the scaffold. Fourth, it was 
reported before that different cell types have different optimum pore sizes for 
maximum growth, proliferation and differentiation (162,172,173,174). Consequently, 
a higher degree of cell attachment in case of ES was attributed to an optimum pore size, 
pore size distribution and fiber diameter than other scaffolds. Moreover, a previous 
study done using adipose derived human mesenchymal stem cells showed similar 
findings. Cells were seeded and incubated on electrospun scaffolds for 14 days and 
were analyzed by the live/dead assay, SEM imaging as well as DNA quantification. 
The results showed a significant increase in the number of viable cells only at day 14. 
In addition, findings demonstrated the role of the fiber diameter and pore size in 
influencing orientation and infiltration of the cells into the scaffold (175). In this 
context, a future study using our ESS over prolonged period would be promising to 
assess the use of our scaffolds for other TE applications. It was also reported that 
induced pluripotent stem cells differentiated into cardiomyocytes by adjusting the 
morphology of gelatin coated PCL scaffolds (176). Hence, a future study relating pore 
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size, pore size distribution and fiber diameter to cell growth and proliferation of both 
H9C2 and MSCs on our scaffolds at different time points is expected to generate useful 
findings. It is worth mentioning that cells attached and grew on the scaffolds without 
any chemical modification to increase cell affinity towards the scaffolds as reported 
earlier (165,176,177). 
Our fiber collection method provided a certain degree of fiber alignment that lead the 
cells to arrange themselves along the fibers as shown in figure 22. In a study by Kai et 
al., it was reported that scaffolds with aligned structures offered the required 
anisotropic effect well matched for cardiac tissue engineering applications. That effect 
rendered those aligned scaffolds superior in terms of cardiomyocyte cell attachment 
and orientation compared to random oriented electrospun scaffolds (178). Another 
promising future study would be to stimulate the differentiation of the attached cells 
into cadiomyocytes and examining their behavior. We wanted to demonstrate the 
possibility of tissue development which was reported before to be done by depriving 
the media from serum that suppressed cell differentiation (168). This issue could be 
addressed in depth in a future study to have a higher degree of alignment across the 
scaffolds by using rotating open cage collector (155). However, one limitation of this 
study would be the qualitative nature of the calcein-AM staining which gives primary 
results only that are inconclusive. Therefore, further tests are recommended to further 
analyze the cell scaffold interaction and cell penetration as SEM imaging of the critical 
point dried scaffolds with fixed cells and DNA quantification.  
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Figure 21. Qualitative images of Calcein-AM staining of H9C2 cells on different scaffolds 
show cell attachment to the scaffolds after 14 days of incubation in non-tissue culture treated 
well plates. Live cells appear as fluorescent green color. 
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Our scaffolds were known the give red fluorescence when exposed to ethidium-
homodimer-1 (EthD-1) that stained the dead cells in red. In order to exclude any 
interference from the scaffold with the results, we performed the same test using 
Calcein-AM with tissue culture treated plates. This was to examine cell viability after 
the same time interval (i.e. 14 days). As expected in Figure 22, cells preferred to attach 
to the plate than the scaffold due to higher affinity as we mentioned earlier. In addition, 
the number of live cells under the scaffolds appeared to be in that order: TRE>ES>NA, 
where NA showed the least number of living cells while TRE and ES were closer to 
the control. In addition, it was observed that cells were taking the shape of the scaffold 
when they were growing in case of ESS. This might signify a growth enhancing effect 
from our scaffold towards cells in closer proximity to the scaffold over extended period. 
However, further quantitative investigation is needed to confirm such findings. 
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Figure 22. Qualitative images of Calcein-AM staining of H9C2 cells after 14 days of incubation 
with the three types of scaffolds in tissue culture treated plates. Live cells appear as fluorescent 
green color. 
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Conclusion 
The design of the ideal porous, biocompatible, biodegradable, mechanically 
controllable scaffold with the highest resemblance to extracellular matrix was 
investigated in various studies. This was done using a wide array of techniques for 
tissue engineering and regenerative medicine purposes. In our study, we successfully 
synthesized the APDT polymer with high molecular weight. Afterwards, we 
successfully produced ECM resembling porous scaffolds using the promising 
photoreactive electrospinning technique. In addition, we produced porous scaffolds 
using our polymer using particulate leaching technique using two porogens: the 
conventional sodium chloride and the newly introduced trehalose dihydrate.  
Full chemical, thermal, morphological and mechanical was performed for all scaffolds. 
Morphological analysis demonstrated three-dimensional structure with high porosity 
and a variable pore size range. In addition, mechanical testing of the electrospun 
scaffolds demonstrated high elasticity that was suitable for cardiac tissue engineering 
purposes. The high crosslinking density of the produced scaffold offered another aspect 
of the highly tunable mechanical properties of our polymer during synthesis or 
fabrication. Electrospun scaffolds were resistant to different solvents with preserving 
its fibrous structure. The produced scaffolds were of amorphous nature with a Tg lower 
than the core body temperature as represented by thermal analysis. This would ensure 
the existence of the scaffold in the rubbery elastic state at all times which is required to 
withstand the continuous cardiac contraction and relaxation. 
108 
 
In vitro quantitative cell viability on cardiomyoblasts showed a non-significant effect 
of both ESS and TRE scaffolds. However, ESS demonstrated superior cell attachment 
and growth capability over TRE when cell scaffold interaction was investigated. 
Interestingly, when cell viability was investigated using adipose derived mesenchymal 
stem cells, TRE scaffolds showed a growth enhancement effect. 
Based on the above data, we have successfully demonstrated that ESS was a promising 
candidate for cardiac TE applications. In addition, future investigation of long-term cell 
scaffold interaction between the electrospun scaffold and MSCs is recommended. 
Finally, Further investigation on TRE scaffold is a recommended for further 
investigation for other tissue engineering applications. 
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Appendix A 
 
 
 
 
 
 
 
Appendix A. DSC thermograms of PVP powder and PVP fibers. 
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Appendix B 
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 Appendix B. Flow cytometry analysis of surface markers in subcutaneous adipose tissue-
derived preadipocytes (n=9). Data are presented as mean±SEM. 
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Appendix C 
 
 
 
Appendix C. Contact angle measurement over extended period for ESS. 
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Appendix D 
 
 
Appendix D. Images of H9C2 cells and MSCs with and without the selection of DAPI 
positive Nuclei counted by target activation module (Array scan XTI)  
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Appendix E 
 
 
Appendix E. H9C2 cell viability in presence of ES, TRE and NA scaffolds at 24 and 48 hours 
represented as the average number of nuclei of viable cells per field. Data are presented as 
Mean ± SEM (n=6) 
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Appendix F 
 
 
Appendix F. MSCs cell viability in presence of ES, TRE and NA scaffolds at 24 and 48 hours 
represented as the average number of nuclei of viable cells per field Data are presented as Mean 
± SEM (n=3). 
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Appendix G 
 
 
Preparation 
name 
PDT ( Weight) NaCl 
concentration 
(Wt. %) 
NaCl  particle 
size (µm) 
UV exposure 
time 
A 0.2gm 70% 250 10 min 
B 0.2gm 0% ( Blank) N/A 10 min 
C 0.2gm 50% 125 10 min 
D 0.2gm 70% 125 10 min 
E 0.2 gm 50% 250 10 min 
Appendix G. Table showing different pore sizes and concentrations of porogens used for 
qualitative cytocompatibility testing to determine the optimum combination for cell viability.  
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Fluorescent images of the cells in 48 well plates after 24 hours incubation. 1: Control 2: Positive 
Control 3: Blank scaffold (group B), 4: Group A, 5: Group C, 6: Group D, 7: Group E 
Fluorescent Images of the cells in 48 well plates after 48 hours incubation. 1: Control 2: Positive 
Control 3: Blank scaffold (group B), 4: Group A, 5: Group C, 6: Group D, 7: Group E 
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